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Abstract
This thesis is devoted to the study of the growth of III-V nanowires (NWs) by cat-
alyst assisted and catalyst free molecular beam epitaxy (MBE). The nanostructures
have been routinely characterized by scanning electron microscopy (SEM) and, to
a minor extent by transmission electron microscopy (TEM). X-ray photoemission
spectroscopy (XPS), scanning photoemission microscopy (SPEM), extended X-ray
absrorption fine structure analysis (EXAFS), photoluminescence (PL) and trans-
port measurements have given an important contribution on specific topics. The
first section of this thesis reports on GaAs, InAs, and InGaAs NWs growth by Au
assisted MBE. A substrate treatment is proposed that improves uniformity in the
NWS morphology. Thanks to a careful statistical analysis of the NWs shape and
dimensions as a function of growth temperature and duration, evidence is found
of radial growth of the NWs taking place together with the axial growth at the tip.
This effect is interpreted in term of temperature dependent diffusion length of the
cations on the NWs lateral surface. The control of the NWs radial growth allowed
to grow core shell InGaAs/GaAs NWs, displaying superior optical quality. A new
procedure is proposed to protect NWs surface from air exposure. This procedure
allowed to perform ex-situ SPEM studies of electronic properties of the NWs. The
second part of this thesis is devoted to Au-free NWs growth. GaAs and InAs NWs
were successfully grown for the first time using Mn as catalyst. Incorporation of
Mn in the NW is studied using EXAFS technique. It is shown that Mn atoms are
incorporated in the body of GaAs NWs. Use of low growth temperature is suggested
in order to improve the Mn incorporation inside GaAs NWs and obtain NWs with
magnetic properties. Finally, growth of GaAs and InAs NWs on cleaved Si sub-
trate is demonstrated without the use of any outside metal catalyst. Two kinds
of nanowires have been obtained. The experimental findings suggest that the two
types of nanowires grow after different growth processes.
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Abstract
Questa tesi e’ dedicata allo studio della crescita di nanofili di semiconduttori III-
V tramite epitassia da fasci molecolari (MBE) assistita da catalizzatore e senza
l’uso di catalizzatori. Le nanostrutture sono state caratterizzate sistematicamente
tramite microscopia elettronica a scansione (SEM), e in maniera minore micro-
scopia elettronica in trasmissione (TEM). Altre tecniche come la spettroscopia
di fotoemissione da raggi x (XPS), la microscopia da fotoemissione in scansione
(SPEM), la spettroscopia di assorbimento x (in particolare la extended X-ray ab-
sorpition fine structure analysis (EXAFS)) la fotoluminescenza (PL), e il trasporto
elettrico hanno dato importanti contributi su problematiche specifiche. La prima
parte di questa tesi riguarda la crescita di nanofili di GaAs, InAs e InGaAs tramite
MBE assistita da oro. Viene proposto un trattamento del substrato che migliora
nettamente l’omogeneita’ morfologica dei nanofili. Grazie ad un’attenta analisi sta-
tistica della forma e delle dimensioni dei nanofili in funzione della temperatura e
del tempo di crescita e’ stata dimostrata la crescita radiale dei nanofili, che avviene
insieme alla crescita assiale che ha luogo alla punta del nanofilo. Le osservazioni
sperimentali sono state interpretate in termini di dipendenza dalla temperatura
della lunghezza di diffusione dei cationi sulle superfici laterali dei nanofili. Il con-
trollo della crescita radiale ha permesso di crescere nanofili di InGaAs/GaAs core
shell, costituiti cioe’ da una anima centrale di InGaAs (core) e uno strato es-
terno di GaAs (shell) , che hanno dimostrato eccellente qualita’ ottica. Viene
quindi proposta una nuova procedura per proteggere la superficie dei nanofili du-
rante l’esposizione all’aria. Grazie a questa e’ stato possibile realizzare ex-situ
uno studio SPEM delle proprieta’ elettroniche dei nanofili. La seconda parte della
tesi riguarda la crescita di nanofili senza l’uso di oro.Viene per la prima volta di-
mostrata la possibilita’ di crescere nanofili di GaAs e InAs usando il manganese
come catalizzatore. L’incorporazione del Mn come impurezza nei nanofili e’ stata
studiata tramite EXAFS. Le misure hanno dimostrato che atomi di Mn sono ef-
fettivamente incorporate nel corpo dei nanofili. La crescita delle nanostrutture
a temperatura piu’ bassa potrebbe migliorare qualitativamente l’incorporazione del
Mn e permettere la crescita di nanofili con proprieta’ magnetiche. Viene infine
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dimostrata la crescita di nanofili di GaAs e di InAs senza l’utilizzo di materiali di-
versi da quelli costituenti il semiconduttore. Tale risultato e’ ottenuto su superfici
sfaldate di silicio. Sono state osservate nanostrutture di due tipi, che sulla base
dei dati sperimentali sembrano essere dovuti a due diversi meccanismi di crescita.
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Introduction
Since early 70s, the research in semiconductor physics has been mainly focused on
the growth, characterization and potential applications of low dimensional semi-
conducting structures. Thanks to the advances in the crystal growth and pro-
cessing techniques, it became possible to manipulate the electronic properties by
’designing’ the materials at the length scales of the order of the de Broglie wave
length [1]. Interest in one dimensional systems, semiconducting nanowires (NWs),
as an integral component of nanoscale devices and circuits, has considerably in-
creased since the late 1990s, due to the better growth techniques providing reduced
NW size fluctuations [2], which overcomes the limitations of conventional scaling
techniques [3, 4]. Self-assembly at the atomic level and out -of equilibrium growth
regimes are exploited to produce nanometer-size objects with a high yield, thus
laying a ground for bottom-up approach towards the assembly of integrated cir-
cuits [5]. In the same spirit, a number of other device application based on NWs
has been demonstrated, for example, biochemical sensors [6], light-emitting diodes
[7], single-electron transistors [8] and solar cells [9].
Low dimensional nanostructures are characterized by having a high surface/volume
ratio, that in turn implies a strong role of surfaces and surface condition in de-
termining the properties of the nanostructures. This fact can be an advantage,
for instance in designing surface sensitive devices as nanosensor. It can also be
detrimental when the presence of electronic surface states ends up in degradation
of electrical and optical efficiency.
Three years of PhD research activity were devoted to the growth and charac-
terization of III-As NWs. NWs growth was carried out by molecular beam epitaxy
where precise control over the incoming source materials and of the substrate gives
the opportunity to study the growth process and the influence of different grown
conditions on the NWs yield. The work presented in this thesis involves two main
topics: catalyst assisted and self-catalyzed growth. The choice of the growth cata-
lyst is important in controlling the electronic properties of MBE-grown nanowires
as it may diffuse in the NWs and act as an impurity. Au is the most widely used
catalyst, and a large part of the work was devoted to Au-catalysed nanowires. We
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were interested in the study of the growth on different substrates and as a function
of different growth parameters, as substrate preparation, growth temperature and
time. A careful statistical analysis of the morphology of the NWs obtained on
GaAs (111)B substrates allowed us to define an optimized protocol for the growth
of highly oriented NWs and to propose a growth model accounting for the morpho-
logical changes observed in the nanostructures as a function of growth temperature
and growth time.
Surface issues were addressed working in tree main directions. First, we de-
veloped a growth protocol for Au-catalyzed InGaAs/GaAs NWs, where the sub-
sequent growth of InGaAs and GaAs resulted in the formation of a GaAs shell
embedding an InGaAs NW core. These heterostructures displayed superior opti-
cal properties compared to the reference bare InGaAs NWs. Second, we developed
a technique to effectively protect the nanowires from oxidation, allowing safe air
exposure. The result was obtained by covering the nanostructures by a thick
As layer (capping), that can be completely removed by heating (decapping), re-
covering the original nanostructure morphology. This procedure opens the way
to a variety of ex-situ characterization experiments as well a to ex-situ passiva-
tion or functionalisation of the nanostructures. Third, thanks to this procedure,
we were able to investigate the electronic properties of GaAs nanowires by spa-
tially resolved photoemission measurements, at the ESCAmicroscopy beam line of
ELETTRA Syncrotron radiation source.
Another relevant part of the thesis work was devoted to the the growth of
nanowires without using Au.We worked in two directions: the search for different
catalyst, and for catalyst-free growth protocols. On the first line we success-
fully obtained Mn catalysed GaAs and InAs NWs that were thoroughly charac-
terized.Use of Mn as catalyst was a new idea and NWs were grown expecting
the diffusion of catalyst into the NWs body which may result in the formation
of diluted magnetic semiconductor. Indication of the presence of Mn impurities
was obtained by Extended X-ray Absorption Fine Spectroscopy (EXAFS) analysis
at the GILDA beamline at the European Synchrotron Radiation Facility (ESRF)
Independently, we worked on the definition of growth protocols not requiring any
material other than the constituent semiconductor. We successfully obtained self-
catalyzed growth of GaAs and InAs NWs on Si facets obtained by the cleavage of
Si (100) substrates. This result opens a way toward the realization of catalyst-free
GaAs nanowires exploitable in all those cases were the presence of gold may be
detrimental for device applications and in particular to the integration of III-V
NWs in Si technology.
I have carried out personally the growth of NWs using MBE and the main
characterization using SEM, EDX, XPS along with the data analysis, while SPEM
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measurements were performed with the help of the beam line staff at ESCAmi-
croscopy beamline, ELETTRA headed by Prof. Maya KISKINOVA. PL measure-
ments were performed by Senior Scientist Dr. Faustino Martelli. Dr. Vincenzo
GRILLO provided TEM analysis. Transport measurements were performed by my
former colleague Matteo PICCIN and EXAFS analysis was carried out by scientist
Dr. Francesco D’Acapito’s group at GILDA beam line, ESRF Grenoble. I strongly
acknowledge all these contributions.
Outline of the thesis
In the first chapter a short, non exhaustive review on semiconductor nanowires is
reported. In the second chapter all the characterization tools used in this study
are briefly described. In chapter 3, the growth of Au-catalyzed Gas and InAs
is presented and discussed. A detailed analysis of the growth of InGaAs and
InGaAs/GaAs core shell NWs is given in chapter 4. The As Capping/decapping
technique of NWs for ex situ measurements is presented in chapter 5. Chapter
6 presents the study of surface effects on the NW conductivity using scanning
photoemission spectroscopy (SPEM).
Mn - catalyzed growth of GaAs and InAs NWs is discussed in chapter 7. A
thorough substrate-catalyst interaction analysis is given to correlate the differ-
ences in morphology of grown nanostructures with their growth temperature and
substrates surface. In chapter 8, the growth of self catalyzed GaAs and InAs
NWs is described. The differences in NWs morphology, chemical composition and
structural analysis are thoroughly discussed.
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Chapter 1
Semiconductor nanowires
In this chapter we give a brief introductory review on semiconductor nanowires.
1.1 Catalyst assisted growth of NWs
NWs growth is generally obtained by catalyst assisted condensation of vapours.
The constituent materials are provided by thermal evaporation of a source in a fur-
nace by laser ablation, MOVPE (metal organic vapour phase epitaxy), MOCVD
(metal organic chemical vapour deposition), CBE (chemical beam epitaxy) and
MBE (molecular beam epitaxy). The catalyst assisted growth is generally inter-
preted within the vapour–liquid–solid VLS mechanism, first proposed by Wagner
et. al. [10]. The process, schematically shown in figure 1.1, involves the dissolution
of gaseous reactants into nano sized liquid droplets of catalyst metals. Once the
liquid droplet is super saturated with the source atoms the source atoms condense
to form NWs. The 1-D growth of nano structure is dictated and directed by the
liquid droplet whose size remains unchanged during the growth. A slightly differ-
ent version, diffusion-induced VLS model, also assumes the source atoms may also
arrive the metal droplet through diffusion on the surface [11, 12].
The important element in the VLS process is the choice of appropriate catalyst
that can form liquid alloy with constituent material to be used. This is done
by analyzing the equilibrium phase diagram and looking for the eutectic points.
During the growth, the precipitation through the liquid/solid interface between
the eutectic and the NWs results in the NW growth along the axial direction,
while the dissociative absorption on the gas/solid interface between the reactant
and exposed surface of NW results in growth along radial direction. Controlling
the growth parameters like pressure, flow rate, temperature and reactant species,
either of the two mechanism can be made dominated.
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Figure 1.1: Schematic representation of the VLS model
The VLS process has now become a widely used method for generating one
dimensional nanostructures of elemental semiconductors (Si, Ge) [13, 14, 15, 16],
III-V semiconductors (GaN, GaAs, GaP, InP, InAs) [17]–[29], II-VI semiconduc-
tors (ZnS, ZnSe, CdS, CdSe) [30]–[32], oxides (indiaum.tin, ZnO, MgO, SiO2, CdO)
[33]–[37], carbides (SiC, B4C) [38, 39], and nitrides (Si3N4) [40]. In conventional
VLS model, the process is assumed to be stable and capable of producing uni-
form NWs. Recent reports though tend to contradict these assumptions showing
fluctuations in the size and shape of NWs [41].
1.2 III–V NWs
III-V NWs are realized to have a potential role in the advanced technologies like
high performance field effect transistors, photo-detectors, chemical/biosensors and
thermo electric devices [42, 43, 44]. The GaAs NWs has attracted much attention
due to the possibility of its integration with the Si technology [45]. The practical
applications of these NWs heavily depend upon the control over the morphology,
structure and positioning, which require extensive study on the growth parameters
like growth temperature etc. and choice of substrates. Growth of GaAs NWs has
been reported on different substrates [46]–[48]. Only a few other papers deal with
different compounds: InAs NWs have been grown on Si (001) [51] and AlGaAs
NWs have been obtained on GaAs (111) and GaAs (001) substrates [52]. It is
worth noting that very few published reports deal with the ternary alloys NWs.
Beyond the cited work [52], AlGaAs NWs have also been grown by gas-source
MBE [53], GaAsP [54], InGaN [55], and InGaAs [56]. NWs have been grown by
metalorganic chemical vapour deposition, while InAsP NWs [57] have been ob-
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tained by chemical beam epitaxy. The structure of III-V NWs, specially that of
GaAs NWs, has been a focus of numerous studies [58, 59, 60]. The structure of
GaAs and InAs NWs is reported to be hexagonal wurtzite (WZ), while the bulk
and 2-D epitaxial growth gives zinc blende (ZB) structure. It is argued that be-
yond a critically small diameter (10 – 30 nm), the free energy of WZ and ZB
becomes comparable [59], which results in the stacking fault appearing between
alternate layers of WZ and ZB along the < 111 > axis of NWs. By reducing the
supersaturation conditions locally, it is shown that the growth of stacking fault free
ZB NWs can be achieved[60]. A model has recently been proposed that relating
the wurtzite structure to the peculiar growth conditions taking place during Au –
catalysed VLS growth [58].
1.3 Self-Catalyzed NWs
An important issue in catalyst-assisted NW growth is whether the catalyst diffuses
into the wires and changes the NW electronic properties. Claims about lumines-
cence related to electron-hole (e-h) recombination on catalyst impurities in NWs
have been published [61, 62], and recently direct observation of Au catalyst impu-
rities in InAs [63] and ZnSe [64] NWs has been reported. Moreover, the use of Au
should be avoided when integration with Si substrates is desirable, an achievement
that will lead to a large number of device applications [42].
Due to the importance of achieving catalyst-free growth of NWs, a number of
reports have been recently published on self-catalyzed III-V NWs. Several papers
report the growth of catalyst-free III-N nanowires by plasma-assisted molecular
beam epitaxy (PA-MBE) [65]. Among the other III-V compounds, catalyst-free
InAs and InP nanowires have been obtained on substrates where a thin SiOx
layer is present and plays a role in the growth, although the mechanism has not
been well understood [66]–[69]. The growth of catalyst-free nanowires without any
apparent contribution from external elements has been obtained for InP NWs on
clean InP substrates, in processes where In droplets are formed on a specific crystal
orientation after thermal treating of the surface [70, 71]. Some of the cited papers
claim a VLS process to be responsible for the growth of the wires [68, 70, 71], while
others rule out this model in their case [67, 69].
The growth of catalyst-free GaAs NWs has been obtained by selective-area
growth methods that requires a lithographic step [72]. Self–catalyzed GaAs nanowires
were also obtained as the result of attempts to grow epitaxial GaAs on porous Si
[73]. Only a little information on those wires were given at that time by the
authors. The obtained GaAs wires were found to be predominantly amorphous
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[73, 74]. However, it is worth noting that in the 1960s, whiskers in the microm-
eter range were obtained in a Ga-catalyzed VLS process by Barns and Ellis [75]
and that self-catalyzed GaAs whiskers were obtained as a by-product of epitaxial
growth by MBE on parts of GaAs substrates that were accidentally scratched [76].
In this latter case, hardly known and cited only few time, the authors ruled out
VLS as the growth process. Recently, an SiO2-assisted growth of GaAs nanowires
on GaAs substrates has been reported [77] where it is shown that the reaction
among Ga and SiO2 gives rise to nanocraters that induce the NW nucleation.
1.4 Surface related issues
NWs have a typical diameter ranging from tens of nm to 100 nm, which gives large
surface to volume ratio. the optical properties of nanowires suffer from the large
effects of surface states and of the ensuing relevance of the optical dead-layer with
respect to the overall section diameter. As a consequence nanowires have a little
optical efficiency. A chemical passivation of the surface has shown to be efficient
in InP NWs [78]. Core-shell structures [79], in which a core with a smaller band
gap is surrounded by a thin shell with a larger band gap provide an attractive
solution of the efficiency issue using an all semiconductor technology. Moreover,
the large gap material can also act as carrier reservoir for the inner core and as
refraction-index adapter. A few papers have reported intense photoluminescence
(PL) from GaAs/AlGaAs core shell nanowires [53, 80, 81].
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Experimental tools
In this chapter we will briefly review the experimental techniques and set–ups that
have been used in this work referring to specific text books for the details.
2.1 Molecular beam epitaxy (MBE)
All the samples used for this work have been grown by solid-source molecular beam
epitaxy (MBE). MBE is a technique for growing thin epitaxial structures made of
semiconductors, metals and insulator. In MBE, thin films are crystallized due to
the reaction of thermal energetic atomic or molecular beams and substrate surface
in ultrahigh vacuum (P ≤ 10−9) Torr. The growth of the layer is oriented by
the substrate surface and generally the epitaxial layer is the prolongation of the
structure of the substrate, resulting in an artificial single crystal. The chamber
includes liquid N2 cooled cryopanels adsorbing the residual gases and the atomic
and molecular species that did not react on the surface. Mechanical shutters are
used to interrupt the beam fluxes i.e. to start and to stop the deposition and
doping. In MBE we have precise control of growing material on atomic scale.
MBE has also the advantage of being compatible with surface sensitive diagnostic
methods that need ultra high vacuum conditions, such as Reflection High Energy
Electron Diffraction (RHEED), Auger Electron Spectroscopy (AES) and X–ray
Photoemission Spectroscopy (XPS), that can be operated in-situ. Details about
MBE can be found in reference [1].
A view of our MBE set–up at Laboratorio Nazionale TASC–INFM–CNR is
shown in figure 2.1. The facility consists of two growth chambers for group III–V
or II–VI compounds respectively. The III–V growth chamber is equipped with Ga,
In, Al, Si, Be, As, and N elemental sources. For N (not used to grow nanowires)
a plasma source is installed. The system is a Riber 32 and it is interconnected by
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Figure 2.1: The view of MBE lab at TASC National Laboratories INFM–CNR.
Two MBE growth chambers (II–VI and III–V) are interconnected along with an
analysis chamber for X–ray photoemission spectroscopy (XPS) and a metallization
chamber through ultra high vacuum (UHV) modules.
ultra high vacuum modules with analysis chamber equipped with a monochromatic
x–ray photoemission spectroscopy (XPS) system and a metallization chamber.
The metallization chamber equipped with an As knudson cell and a Mn e–beam
evaporator was used in this work to deposit the catalyst layer for NWs growth.
2.2 Characterization techniques
2.2.1 Scanning electron microscopy (SEM)
Scanning Electron Microscopy (SEM) is a tool used to produce images by probing
the specimen with a focused electron beam. This electron beam scan the surface
of the sample which generates secondary electrons, backscattered electrons and
characteristic X-rays. All these signals are then collected by detectors to form the
image of the sample through a Charge Couples Device (CCD) camera. Depending
on surface processes, SEM enables us to image bulk samples. Its large depth of field
can be exploited to obtain a good representation of the 3D structure of the sample.
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The topography of the surface with feature of few nm can be seen by secondary
electron imaging. These images can be obtained from the as grown samples which
do not require any sample preparation. With back scattered electron imaging,
spatial distribution of elements within few microns at the top of the sample can
be achieved [82].
2.2.2 Energy X-ray dispersive spectroscopy (EDX)
Energy X-ray dispersive spectroscopy (EDX) is used to identify the elemental
composition of the material imaged in SEM. Elements at the concentrations of the
order of 0.1% can be detected. Characteristics X-rays are generated during the
scanning of the sample surface. Each X-ray photon has energy which is character-
istic of the element producing it. EDX system collects all these x–rays and plots
this data as energy function. Obtained EDX data is compared with pre-calibrated
spectra to perform full quantitative analysis of the sample [82].
2.2.3 X-ray photoemission spectroscopy (XPS)
To measure the elemental composition, chemical state and electronic state of the
elements within a material, a commonly used quantitative spectroscopic technique
is X-ray photoelectron spectroscopy (XPS). In XPS the material to be analyzed is
irradiated by X-ray (Mg or Al) and emitted electrons from the top layer (1 – 10 nm)
are counted in terms of their kinetic energy (KE). XPS spectrum is a typical plot of
the number of electrons detected (Y-axis) versus the binding energy of the electrons
detected (X-axis). A characteristic set of XPS peaks is produced for each element
at characteristic binding energy values that corresponds to each element that exist
in or on the surface of the material being analyzed, helps to identify them directly.
These characteristic peaks correspond to the electron configuration of the electrons
within the atoms, e.g., 1s, 2s, 2p, 3s, etc. The number of detected electrons in
each of the characteristic peaks is directly related to the amount of element within
the area (volume) irradiated. Only the electrons which have been actually escaped
into the vacuum can be detected by XPS. Since the energy of a particular X-ray
wavelength corresponds to known quantity, one can determine the electron binding
energy (BE) of each of the emitted electrons by using an equation that is based
on the work of Ernest Rutherford (1914): Ebinding = Ephoton − Ekinetic − φ; where
Ebinding (binding energy) is the energy of the electron emitted from one electron
configuration within the atom, Ephoton is the energy of the X-ray photons being
used, Ekinetic is the kinetic energy of the emitted electron as measured by the
instrument and ; φ is the work function of the spectrometer (not the material)
[83].
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Figure 2.2: Sketch of SPEM instrument with a hemispherical energy analyzer and
zone plate (ZP) optics. The central stop of the ZP and the order sorting aperture
(OSA) cut the undesired zero and the diffraction orders higher than one.
2.2.4 Scanning photo electron microscope (SPEM)
Thanks to the recent developments in synchrotron radiation, the photoelectron
spectroscopy has become a valuable microscopic technique. A scanning photoelec-
tron microscopes (SPEM) is an instrument which uses the X-ray photon optics for
demagnifying the photon beam to submicrometer dimensions. Images are formed
by scanning the sample with respect to the focused beam and by collecting the
emitted photoelectron for each point. The surface sensitivity of the photoelectron
spectroscopy is used to obtain chemical characterization of the systems under in-
vestigation with submicron spatial resolution and probing depth up to a few tens
of A˚. In this context, photoelectron spectroscopy has made many important con-
tributions to the understanding of electronic structure of semiconductor surfaces
and interfaces, as it allows by measuring the core level binding energy shifts to
monitor [84, 85]:
• changes in the chemical state
• the evolution of Fermi level position and band–bending resulting from Fermi
level pinning
• surface charging due to limited free electron carriers
The spatial resolution has allowed localization of aligned nanotubes, nanobelts
and nanowires in cross-sectional geometry and selecting the areas for systematic
spectroscopic analyses along their axes [86].
The SPEM has two operation modes, microspot spectroscopy and imaging
spectromicroscopy. The microspot mode is identical to the XPS spectroscopy, i.e.
energy distribution curves are measured from the selected micro-spot area. The
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great advantage of the photon tunability is that one can optimize the photoelectron
yield, considering the elements contained in the sample. The imaging mode maps
the lateral distribution of elements by collecting photoelectrons with a selected
energy while scanning the specimen with respect to the microprobe. We performed
SPEM experiment at the ESCAmicroscopy beamline at the 2.5 GeV storage ring of
the third generation Synchrotron Light source Laboratory ELETTRA of Trieste.
2.2.5 Extended X-ray absorption fine spectroscopy (EX-
AFS)
Understanding of the atomic structure on the surface of the material is an im-
portant step towards the realization and better control over the materials growth
and their subsequent applications. This can be achieved by extended X-ray ab-
sorption fine structure (EXAFS) which takes place due to the interference effects
as photoelectrons leave the surface of a material. This interference then depends
on the inter atomic distance between the atom that ejected the photoelectron and
the nearest neighbour atom, and to lesser extents on the next nearest neighbour
and other atoms. X-rays of a narrow energy resolution are shined on the sample
and the incident and transmitted X-ray intensity is recorded as the incident X-ray
energy is incremented. The number of photons that are transmitted through a
sample (It) is equal to the number of photons shined on the sample (I0) multiplied
by a decreasing exponential factor that depends on the type of atoms in the sam-
ple, the absorption coefficient (µ) and the thickness of the sample (x). It = I0 e
−µx
The absorption coefficient is obtained by taking the ’log’ ratio of the incident X-ray
intensity to the transmitted X-ray intensity.
µ x = ln (It/I0)
EXAFS gives us information about:
• Distances between central and neighbouring atoms.
• The number of neighbouring atoms.
• The nature of neighbouring atoms (their approximate atomic number).
EXAFS spectra consist of a plot of the value of the absorption coefficient of a
material against energy over a 200 – 35000 eV range. The most common source
for EXAFS is synchrotron radiation [87].
2.2.6 Photoluminescence (PL)
Photoluminescence (PL) i.e. luminescence excited by the photons, is a tool for
investigating both intrinsic electronic transitions and electronic transitions due to
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the impurities and defects in semiconductors and insulators. PL detects an optical
transition from an excited electronic state to a lower energy state. In this study
the photoluminescence spectra was obtained using an Ar ion laser operated at
λ = 514.5 nm, corresponding to photon energy of 2.41 eV, well above the GaAs
and InAs energy band gap. The laser beam was guided by mirrors and was focused
through a lens onto the sample. The sample was placed in a closed cycle liquid
helium cryostat. The luminescence signal dispersed by a meter monochromator
was detected by a Ge photodiode employing a standard lock-in technique and the
signal is transmitted to a computer [88].
2.2.7 Transport measurements
Electrical characterization of the NWs was done by basic electric transport mea-
surements. NWs were mechanically transferred onto a p+-Si substrate with a 120
nm thick SiO2 surface layer and subsequently contacted by interdigitated Ti/Al
(20/90 nm) electrodes fabricated by X-ray or e-beam lithography followed by e-
beam metal deposition and lift-off [89]. The wires were shortly etched in buffered
HF to remove the native surface oxide prior to metallization. Measurements of
source-drain current (I) versus gate voltage (Vg) were performed using the p+-Si
wafer as a back gate. Optical imaging is used to locate the nanowires with respect
to a reference pattern of predefined Pt markers. The nanowires were then individ-
ually contacted with a pair of metal electrode source and drain leads defined by
electron-beam lithography.
2.2.8 Transmission electron microscopy (TEM)
In transmission electron microscopy (TEM) a beam of electron is transmitted
through an ultra thin specimen. The interaction between the beam and the spec-
imen can be used to construct an image which can be focused and magnified for
detailed analysis. This image can be collected on a photographic film or detected
by CCD camera. Due to the small de Broglie wavelength of the electrons, TEM
is capable of obtaining images with atomic resolution. TEM images can be taken
either in bright field or in dark field depending upon the kind of information re-
quired. Usually for TEM analysis, a tedious procedure of sample preparation is
required which consists of thinning and polishing of the sample etc., but for NWs
samples one can just scratch the NWs from the substrate and transfer them on
the copper grid. In this study, TEM measurements were performed by using a
JEOL 2010F UHR microscope equipped with a field emission gun, operating at
200 kV and capable of 0.19 nm phase contrast resolution at optimum de–focus. In
particular, the fine structure of the wires was investigated by high-resolution TEM
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(HR–TEM) and the relative fast fourier transforms (FFT) were used to measure
the lattice spacing and the orientation of the wires. For CS NWs we acquired high
angle annular dark field (HAADF) images as well. For all the measurements, NWs
were mechanically transferred on a carbon-coated copper mesh [90].
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Chapter 3
Au-catalyzed nanowires
3.1 Introduction
Au is the most commonly used catalyst for the growth of semiconductor nanowires
by a variety of deposition techniques. Only few groups however demonstrated the
growth of III-As nanowires by solid state MBE [46, 47, 52], [91, 92, 93]and only few
contribution to the definition of a detailed growth model for Au catalysed III-As
NWs by MBE have been published [94, 95]. We worked on Au catalyzed GaAs
NWs first to asses the possibility of growing NWs by MBE on different substrates
in our system and we characterized their structural properties. The results of this
work have been published in [49]. Then we concentrated the study on the growth
on NWs on GaAs (111)B substrates, in order to optimize the growth conditions
and to get control of the NWs areal density and size. During this work we obtained
interesting results concerning a surface treatment that enhance the epitaxial rela-
tionship between NWs and the substrate. The relative homogeneity in the NWs
yield obtained using this technique allowed us to make a systematic morphologi-
cal analysis by SEM of the NWs as a function of different growth parameter and
make observations about the critical parameters involved in the interply between
axial and radial growth. These observation were then used for the successful im-
plementation of InGaAs/GaAS core shell NWs (see Chapter 4). In this chapter
we describe the results obtained following the above mentioned lines on Au cat-
alyzed GaAs and InAs NWs while in Chapter 4 the growth and characterization
of InGaAs and InGaAs/GaAS NWs will be reported.
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3.2 Growth details
GaAs NWs were grown on different substrates: epi-ready [96] GaAs (100) and
(111)B substrates (in the following ox–GaAs), GaAs (110) surfaces obtained by
the cleavage of GaAs (100) wafers, epitaxial (100) and (111)B GaAs layers (in
the following epitaxial GaAs), Si wafers covered by 200 nm of thermally grown
SiO2 (in the following simply SiO2) and Si (111) substrates dipped in HF just
before the insertion in the growth system. After loading the substrates through
introduction chamber, first the substrates were degassed at 300 ◦C at the heating
stage in the module. For Au deposition, substrates were moved to the metallization
chamber. Here Au was evaporated from knudsen cell on the substrate at room
temperature. After that the samples were transferred to the growth chamber to
proceed with the growth. In the case of epitaxial layers, the substrate was moved
to the metallization chamber once cooled down at room temperature. The samples
were grown at different temperatures (Tg) and for different durations. For all the
samples, an equivalent two-dimensional growth rate of 1 µm/h was used. The
V/III ratio was always kept around 12 – 15 for all the grown samples.
In a few cases, an additional surface treatment was done to the substrate surface
by heating it up after Au deposition 10′ at 630 ◦C keeping the substrate facing
backward position with respect to the effusion cells. These substrates will be
referred in the following as treated substrates.
3.3 GaAs NWs by MBE
We have grown GaAs NWs on different substrates (SiO2 and epiready GaAs (100)
and (111)B) at Tg = 590 ◦C using 5 ML (1 nm) thick Au layer as the catalyst.
Results for growth lasting 30′ are shown in figure 3.1. By growing GaAs NWs on
SiO2 a large number of several microns long NWs which are randomly oriented are
obtained (figure 3.1 (a)). The average diameter of the NW section is of the order of
100 nm. On the GaAs (100) surface a lower NW density has been obtained and the
wires show preferential growth directions as shown in figure 3.1(b). Finally, figure
3.1(c) shows that on the GaAs (111)B surface a high density of well-ordered NWs is
obtained which are perpendicular to the substrate. The width of the oriented wires
obtained on the GaAs (111) surfaces varies in the 20 – 60 nm range. Their shape is
uniformly cylindrical, while the wires obtained on the other surfaces are tapered.
The length of the wires grown on GaAs is about 1 – 2 µm on average shorter than
those grown on SiO2. It might be surprising to see oriented NWs grown an GaAs
despite the fact that the surface oxide was not removed before Au deposition. A
possible explanation of this may be found in the growth temperatures used that
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Figure 3.1: SEM images of the GaAs nanowires yield obtained on the different
substrates used: (a) SiO2, (b) GaAs (100), and (c) GaAs (111)B substrates at 590
◦C.
is close to the value necessary to remove the GaAs surface oxide, which might
be desorbed during the heating of the substrate to the growth temperature or in
the first moments of the growth, leaving a clean GaAs surface beneath the Au
particles.
Figure 3.2 shows a representative HR–TEM result of the experiments performed
on GaAs NWs grown on the GaAs (111)B surface. Similar results have been
obtained on the wires grown on the other substrates. In the left part of the figure
we report the image of the last ∼ 30 nm of the NW, while the diffractograms
reported on the right panel of the figure represent the results of the FFT analysis
made on the corresponding parts of the image, indicated by the same letter. As
expected, a metallic particle is clearly observed at the top of the NWs. The image
in figure 3.2 reveals that the metallic particle is not homogeneous showing two well
distinct regions. In particular, the FFT of region A indicates that this region is
formed by orthorhombic Au-Ga [46]. The region B, which includes the interface
with the semiconductor, appears darker. The FFT of region B indicates that this
is composed by the Au-richer, hexagonal Au7Ga2 compound. The presence of two
phases in the metallic particle has been found in most of the investigated NWs
while few tips of the observed wires show mono phase metallic particles made of
orthorhombic Au-Ga. Orthorhombic Au-Ga or hexagonal β′Au7Ga2 droplets have
been reported on the tip of Au-catalyzed GaAs NWs in different wires, depending
on the growth termination procedure [46], but to our knowledge, the presence
of both structures in a single droplet was not reported before. The wire growth
termination used in our present work is similar to the procedure B in reference
[46] that reportedly gave rise to an orthorhombic Au-Ga tip. The observation
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Figure 3.2: HR–TEM image of the top end of a GaAs nanowire grown on a GaAs
(111) substrate. For sake of clarity the image is displayed using a non-linear
grey level gamma due to the strong difference in the diffraction conditions of the
different grains. Indeed, two regions with different brightness, marked as A and
B, are visible within the metal particle on top of the wire. The GaAs NW body is
indicated by the letter C. On the right we show the diffractograms, each obtained
in the boxed areas drawn in the respective image part, as indicated by the letters.
The diffractograms are shown along with indexing, phase and relative zone axis
identification.
of two phases in single particles, with different relative dimensions, suggests that
composition transients probably occur at the end of the wire growth.
The structure of the semiconductor NWs is revealed by the diffractogram shown
in the bottom-right panel of figure 3.2 (C). The symmetry and the spacing of the
FFT indicate that the nanowire is composed of wurzite GaAs and its growth
direction is the [0001]. Wurtzite structure in NWs of III-V compound having
zincblend structure in their bulk form have often been reported [46, 97, 98, 99,
100]. While it have been argued that wurtzite structure is more stable when
nanostructure diameter is reduced beyond a critical size (10 – 30 nm), a model
has been recently proposed relating the wurtzite structure to the peculiar growth
condition taking place during Au catalyzed VLS growth [58]. The image shows
the presence of lattice defects parallel to the semiconductor metal interface. It
is important to note that the density of these defects varies from wire to wire
and that large portion of defect-free wires, with wurtzite lattice, have been also
observed.
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Figure 3.3: The density of Au droplets (square) and NWs (circles) as a function of
Au film thickness. Increase in number of droplets as well in NWs density observed
with increase in Au film thickness.
3.4 Density control
A systematic study was done in order to optimize and control the density of NWs.
Au films of different thickness, ranging between 0.02 - 1 nm, were deposited on
GaAs (111)B substrate and were heated in growth chamber following the same
procedure that precedes the growth of the NWs. After heating the substrates to
the growth temperature they were taken out and SEM analysis was performed.
GaAs NWs were grown on GaAs (111)B substrate using Au film between 0.02
and 1 nm as well , for 30′ – 90′ and were characterized by SEM for morphological
analysis.
With 1nm thick Au film high density Au nanoparticles (NP) and NWs were
obtained. The density of Au NPs was around ∼ 30 NPs/µm2 and NWs density
was around ∼ 26 NWs/µm2. Decreasing Au film thickness results in increased
Au NPs and NWs average density. With 0.02 nm thick Au film we have around
∼ 10/µm2 and NWs grown for 30′ also have similar density. Samples grown with
0.02 nm thick Au film for 90′ represent a much lower density and it is around
∼ 2 NWs/µm2. In figure 3.3, the density of these NPs and NWs is plotted as
function of Au film thickness. We notice that even if the two densities follow the
same trend with increasing Au thickness, NW’s density is always lower than NPs
density, implying that not all the nanoparticles give rise to a nanowire.
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3.5 Optimization of NWs morphology and ori-
entation
GaAs NWs on GaAs (111)B grow mainly epitaxially, with the (0001) plane of
wurtzite lattice parallel to the substrate (111) plane [2, 91]. This epitaxial rela-
tionship is evidenced by the orientation of the nanowires, that is perpendicular to
the substrate surface. Misoriented nanowires don’t have epitaxial relationship with
the substrate. The presence of these misoriented NWs could be related to details
of the substrate surface. In order to minimize the presence of the misoriented wires
and to get insights about the role of the substrate in determining the NWs mor-
phology, we performed a systematic study of the NWs yield as a function of growth
temperature for four different substrate surface preparation. Morphology of the
NWs is studied by SEM. The results are reported in the following paragraphs.
3.5.1 Oxidized substrate
Epi-ready GaAs (111)B surfaces were used as substrate with no further treatment
than the degassing at 300 ◦C, as described in section 3.2. A set of GaAs NWs
samples have been grown with varying growth temperature (Tg) between 400 ◦C
and 620 ◦C using a 0.5 ML (0.1 nm) thick Au layer as the catalyst. NWs grown at
Tg = 400 ◦C are shown in figure 3.4 (a). They are randomly oriented, and resemble
the NWs grown on SiO2 (figure 3.1(a)). Only a small fraction of them are oriented
orthogonal to the substrate. These NWs have the average length around 2 µm
and are tapered with section diameter at the base around 70 nm. Density of these
NWs is around 4 NWs/µm2. NWs grown at Tg = 580 ◦C, are shown in figure
3.4(b). Oriented NWs are the dominant featured, though misoriented NWs are
also present. The oriented NWs have an average length around 600 nm, their
shape is nearly cylindrical and their section diameter is around 30 nm. Their
density is around 15 NWs/µm2. Misoriented nanostructures show tapering and
they are on an average longer than the oriented NWs. These NWs are 500 –
900 nm long and there diameter range between 30 – 50 nm. Upon increasing the
growth temperature further, we lost both orientation as well as the density of NWs
on GaAs (111)B substrate (not shown).
3.5.2 Deoxidized substrate
As a first substrate treatment, we have thermally removed the oxide layer by
heating up the substrate up to 600 ◦C after mounting in growth chamber. This
is a standard procedure to prepare epi–ready substrates for MBE growth. After
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Figure 3.4: GaAs NWs on ox – GaAs (111) substrate grown at 400 ◦C (a) and 580
◦C (b). In (a) low density randomly oriented with very few normally oriented NWs
and in (b) mainly normally oriented NWs with few misoriented nanostructures.
deoxidation substrates were cooled to room temperature, typically waiting for 30′,
before Au deposition. A series of NWs samples were grown at growth temperatures
in the range of 400 ◦C – 620 ◦C as in case of oxidized substrate. In figure 3.5 NWs
grown on deoxidized substrates at 400 ◦C and 580 ◦C are shown. NWs grown at
400 ◦C, figure 3.5 (a), are about 1 µm long with a section diameter at the base
around 45 nm. Again these NWs are tapered but there density is higher compared
to the previous case and more importantly they are mainly oriented. Sample grown
at 580 ◦C displays cylindrical NWs up to 600 nm long with average diameter 25
nm as shown in figure 3.5 (b). Density of these NWs grown at 580 ◦C is around
10 NWs/µm2.
Density of oriented NWs is higher compared to the oxidized substrate case but
at the same time we still have NWs which are misoriented. Again increase in the
growth temperature to 620 ◦C results in the decrease of NWs density and in the
loss of orientation of NWs. In addition to the presence of misoriented structures,
NWs grown at low growth temperature are still tapered. An interesting aspect of
this treatment is high density of NWs at lower growth temperature case compared
to oxidized substrate.
3.5.3 Epitaxial GaAs
As a second treatment we have grown epitaxial GaAs on substrates surface after
deoxidation. For this, after deoxidation and prior to Au deposition, about 140
nm thick GaAs was grown at 600 ◦C. Again NWs were grown at temperatures
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Figure 3.5: GaAs NWs on deox - GaAs (111) substrate grown at 400 ◦C (a) and
580 ◦C (b). In (a) long, normally oriented and tapered NWs with few misoriented
nanostructures observed and in (b) mainly normally oriented cylindrical NWs with
few misoriented nanostructures are shown.
between 400 ◦C – 620 ◦C. NWs grown at 400 ◦C have shown similar morphology
and density to those grown at the same temperature on deoxidized substrate as
can be seen in figure 3.6 (a) but the fraction of oriented NWs is much higher. NWs
growth at increasing temperatures also resembles those grown in previous case as
shown in figure 3.6 (b). Again, in this case 580 ◦C is found to be the optimum
temperature for more oriented and cylindrical NWs. The growth at 620 ◦C results
again in the decreasing of density as well as in the loss of orientation figure 3.6 (c).
For this case histograms are plotted (as shown in figure 3.7) to show the vari-
ations in length and diameter of grown NWs. NWs grown at 400 ◦C are 1500 –
2500 nm long with diameter in the range of 30 – 55 nm, while NWs grown at 580
◦C are 500 – 600 nm long with diameter in the range of 30 – 40 nm. NWs grown
at 500 ◦C and 620 ◦C are in between the above two mentioned ranges. Only major
difference in this case is some order in the misoriented NWs as shown in figure
3.6 (c). Some of these misoriented NWs appeared to be oriented at well defined
angles. We still have misoriented NWs along with those of oriented and again
higher density at lower temperature is observed.
3.5.4 Processed GaAs
As the last substrate treatment, after deoxidizing the substrates and depositing
Au, we heated up the substrate at 630 ◦C for 10′. Like in previous cases, set of
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Figure 3.6: GaAs NWs on epitaxial GaAs (111) substrate grown at 400 ◦C, 580
◦C and 620 ◦C. (a) at 400 ◦C oriented and tapered NWsare observed, (b) growth
580 ◦C shows fewer misoriented with high density normally oriented NWs and (c)
NWs grown at 620 ◦C are shown where both density and orientation are lost.
Figure 3.7: Histograms of length and diameter of GaAs NWs on epitaxial GaAs
(111) substrate grown at 400 ◦C, 500 ◦C (b, f), 580 ◦C (c, g) and 620 ◦C (d, h).
(a, e) represent the length and diameter spread of NWs grown at 400 ◦C and (b,
f) show the same for NWs grown at 500 ◦C. Histograms in (c, g) and (d, h) shows
length and diameter spread of NWs with growth temperatures of 500 ◦C and 620
◦C respectively.
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Growth Tempera-
ture
Density/µm2 Length (nm) Diameter (nm)
400 42 350 65
500 34 600 55
580 10 750 35
620 1 500 40
Table 3.1: Samples grown at different temperatures with different NWs density,
length and diameter.
NWs samples were grown at different growth temperature. In this case, we have
also grown samples for different duration in order to follow the NWs morphology
evolution during growth.
3.5.4.1 Growth Temperature
NWs were grown on processed substrates at temperatures between 400 ◦C – 620
◦C. Figure 3.8 shows 45◦ tilted view of NWs grown at this temperature series. A
morphological change is clearly evident from Tg = 400 ◦C – 620 ◦C. In figure 3.8
(a) we observe NWs grown at 400 ◦C. These NWs show a morphology which is
different from the previously grown NWs at this temperature on other substrates.
We observe well oriented NWs with round tip and the body of the NWs divided into
three segments. These segments are almost of the same length (about 100 nm) but
their diameter decreases gradually from 60 nm, at the base, to 20 nm, third upper
segment. Increasing growth temperature to 500 ◦C NWs morphology also changes
as shown in figure 3.8 (b). Instead of having NW divided into three segments now
we have NWs with pencil-like shape: a cylindrical base and a tapering toward the
tip. In both cases, sample is free of misoriented nanostructures. NWs grown at
580 ◦C were cylindrical as seen in figure 3.8 (c). Their density is lower than those
grown at lower temperatures but there is more uniformity in diameter spread.
It is observed that with increasing growth temperature length of the NWs also
increased. Details about the density, length and diameter are summarized in table
3.1. There is also a clear evidence of varying length and diameter with increasing
growth temperature. It is important to notice the difference in the density of NWs
with change in growth temperature. Tip dimension is always the same.
52
3.5. Optimization of NWs morphology and orientation
Figure 3.8: GaAs NWs grown for 30′ and at different growth temperature on
treated substrate. (a) normally oriented NWs grown at 400 ◦C showing segmen-
tation and (b) shows oriented NWs with pencil-like tips grown at 500 ◦C. In (c)
cylindrical NWs grown at 580 ◦C are shown whereas in (d) shows few NWs oriented
at particular angles grown at 620 ◦C.
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Figure 3.9: GaAs NWs grown on treated substrate for different growth durations.
NWs grown for 5′ (a), 15′ (b), 45′ (c) and 75′ (d) are shown. A change in NWs
morphology observed for 45′ and 75′ growth.
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Growth duration
(min)
Length (nm) Diameter (nm)
5 75 35
15 200 35
30 750 35
45 1000 40
60 2000 45
75 2500 55
90 3000 70
Table 3.2: Samples grown for different growth durations with different length and
base diameter at 580 ◦C.
3.5.4.2 Growth duration
From the temperature dependence analysis, as discussed above, its quite clear that
580 ◦C is the most suitable temperature for growth on processed substrate as well.
Next we investigate the evolution of NWs morphology i.e. length, diameter and
density, with growth time at this temperature. For this study we have grown a
series of samples with growth times of 5′, 15′, 30′, 45′, 60′ and 90′. Figure 3.9
show 45◦ tilted SEM images of samples grown for different durations. It is clearly
observed that the density of NWs is the same (around 10 NWs/µm2). Nanowires
grown for time longer than 30′ display a pencil-like shape, with cylindrical section
close to the substrate and a tapered tip. Details of the NWs diameter and length
are given in table 3.2.
3.6 Discussion
3.6.1 Substrate dependence
The analysis of the data collected on NWs grown after different substrate treat-
ments allows making some qualitative considerations. First, the oxide layer present
on epiready substrates prevents the establishment of epitaxial relationship between
substrate and nanostructure only in case of growth temperatures as low as 400 ◦C
(See figure 3.3 (a)), far from the deoxidation temperature (580 ◦C). At higher
temperature and to different extent, depending on the individual sample, the sub-
strate is able to dictate the crystal orientation of the NWs also if the oxide layer
has not been intentionally removed. This effect can be due to the partial reduction
of Ga-oxides by Au at the formation of the Au-Ga eutectic. On the other hand,
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the growth of perfectly oriented NWs at 400 ◦C on processed substrate allows us
to infer that the presence of randomly oriented nanostructures observed on the
other substrates at low temperatures were not due to kinetic effect related to the
low growth temperature itself.
More surprising is the complete disappearance of misoriented wires obtained
with the substrate treatment, if compared with the results on the epitaxial layer.
We propose that the thermal treatment of the substrate with catalyst anneals
local surface defects that behaves as nucleation sites for the misoriented wires,
and/or that the heating process creates preferential sites for (0001) growth [101].
Experiment devoted to a better understanding of these findings are still in progress.
3.6.2 Growth mechanism
We focus now on the results obtained on the treated substrates to get insight
on the NWs growth mechanism. The SEM images of NWs at different growth
temperatures (figure 3.8) show interesting changes in the morphology of NWs. At
low temperatures, the body of the NWs can be described, (figure 3.10(a)), as a
collection of layers with different heights, grown over a central cylindrical wire
(core) with diameter of the order of the catalyst droplet. To further elucidate this
change in morphology, SEM images of typical single NWs at 400 ◦C, 500 ◦C and
580 ◦C are shown in figure 3.10. Vertical lines are drawn to show the multiple
layer structure around core. It is interesting to note that, with the increase in
the growth temperature, the number of layer is reduced, until at 580 ◦C no layer
structure is found and only the core of the wire is present. Figure 3.11 shows the
evolution of the average height and of the diameter of the outer layer with the
increasing growth temperature. The height of the outer layer decreases almost
linearly with temperature until it disappear at 580 ◦C.
Further increase in the temperatures only reduces the NW lengths. The diam-
eter of the outer layer is reduced from 70 nm at 400 ◦C to 35 nm at 580 ◦C, where
the wire has the same diameter of the catalyst particle. To understand such growth
process, we propose a modified VLS model, which includes the incorporation of
Ga adatoms on the NW surface, which approaches the NW base through the sub-
strate and diffuses along the sidewalls. We believe that in order to understand the
observed morphologies, its important to consider the possibility of 2-D epitaxial
growth on the NW surface, together with the axial growth due to VLS. A model
taking into account the possibility of nucleation of material on the sidewall has
been recently proposed by Dubrovskii and co-workers [95]. Here we propose that
NWs radial growth taking place of layers on the surface of NWs depends upon
the limited diffusion of Ga adatoms on the sidewalls. The diffusion of Ga adatoms
on different GaAs surfaces and its temperature dependence is thoroughly studied
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Figure 3.10: Single NWs at different growth temperatures, 400 ◦C (a), at 500 ◦C
(b) and at 580 ◦C are shown. Vertical lines are drawn to pronounce the layer
structure on the the surface of NWs. The decrease in the layer structure with the
temperature is clearly revealed.
by Koshiba et. al. [102]. They reported for the diffusion length of Ga on (001)
GaAs surface an exponential dependence on 1/Tsubstrate with activation energy of
0.8 eV. Using the parameters given by authors, we estimate the diffusion length of
about 100 nm for 400 ◦C which is lower than the average length (250 nm) of NWs
at this temperature.
This suggest that majority of the Ga adatoms approaching the NW diffusing
from the substrate would not be able to reach the catalyst and thus would con-
tribute to the 2-D radial growth at the NW surface, which would result in the
larger average diameter (70 nm) and shorter length (250 nm) of the NW. Increase
in the growth temperature would increase the diffusion length of adatoms, thus
allowing a fraction of Ga atoms diffusing from the substrate to reach the droplet
which would result in the increase of average NW length. The higher diffusion
length would increase toward the tip the extent of 2-D layers at the NW surface
and would reduce the NW diameter as only part of the adatoms would be available
for radial growth close to the base. Thus the step like layer structure would starts
to reduce (figure 3.10(b)) as the growth temperature increases, until the diffusion
length would become equal to the length of the NW and all the adatoms would
be able to reach the NW tip and participate in the axial growth. At this point no
Ga atom would be left for the radial growth and the NW would grow further with
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Figure 3.11: The variation in the length (left) of the outer layer of the NW and
its diameter (right) with growth temperature is shown.
a perfect cylindrical geometry (figure 3.10c). Further increase in the temperature
would increase the desorption rate of adatom and thus would saturate the lengths
of NWs and would reduce the NW density, as is apparent in case of NW growth
at 620 ◦C (figure 3.8d).
The optimum growth temperature for longer and oriented cylindrical NWs is
found to be 580 ◦C. The validity of our growth model is further checked by looking
at the evolution of the NW morphology with the growth duration τ at 580 ◦C.
Figure 3.12 shows the variation of the length and diameter of NWs grown at 580 ◦C
for increasing τ . The average NW length (figure 3.9(a)) increases monotonically
with the growth duration as expected. The average diameter though remains
independent (at about 30 nm) on growth duration till τ = 30′ (figure 3.9 (b)).
The diameter starts to increase beyond 35′. The average NW length at τ = 40′ is
slightly larger than 1 µm, the Ga diffusion length at 580 ◦Chas been reported by
Koshiba et.al. [102]. This explains the increase in the diameter beyond τ = 35′.
At this growth time the Ga adatom flux wouldn’t be abe to reach the catalyst and
would start to incorporate on the NW surface causing the diameter to increase.
This would result in the appearance of step like layers at the height of about 1 µm
for longer growth durations (figure 3.9(d)).
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Figure 3.12: NWs length and diameter as function of growth duration. A steady
increase in NWs length is observed, on the other hand diameter starts increasing
after 30′ growth and then increases linearly.
3.7 InAs nanowires
The InAs NWs were grown following the same growth procedure as for GaAs on
different substrates. NWs were grown at growth temperature in the 370 ◦C – 430
◦C range and for growth of 30′ and 60′. It is observed that highest density of InAs
is obtained at temperature between 370 ◦C – 390 ◦C. The Au film thickness was
also varied and maximum yield was observed for 0.4 nm thick Au film. Density
dependence of InAs NWs on growth duration and on substrate shown in figure
3.13 (a), (b), (c) and (d). Samples grown using 0.02 nm thick Au film for 30′ on
SiO2 and GaAs (100) are shown in figure 3.13 (a), (c) where as for 60
′ duration
in figure 3.13 (b) and (d). The average length of the NWs grown for 30′ on SiO2
and GaAs (100) substrates is of the order of 1 µm and their diameter is around
40 nm. Looking in detail at the wires grown for 60′ on SiO2 (figure 3.13 (b)), we
notice that on the substrate two well-defined families of NWs can be recognized.
The first type of NWs are about 2 µm long, have a section diameter of about 80 –
120 nm and appear tapered. The second type of wires are longer, up to 7 – 8 µm,
narrower (20 – 30 nm) and without or weak tapering. Figure 3.13 (d) represents
the samples grown for 60′ on GaAs (100) substrate and an increase in average
length is clearly evident compared to figure 3.13 (c). Here NWs are separated into
two families like on SiO2 (figure 3.13 (b)) and their average lengths and diameter
are also in the similar range. Here first type wires are oriented along the substrates
surfaces whereas long and thin second type NWs are randomly distributed.
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Figure 3.13: InAs NWs grown on SiO2 and GaAs (100) for 30
′ and 60′. GaAs
(111) and GaAs (110) at 390 ◦C. The inset in (b) shows the tip of the thinner
NWs with Au droplet at the free end. Scale bar in the inset is 20 nm.
Figure 3.14: InAs NWs on deoxidized GaAs (111) at 390 ◦C.
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On the deoxidized substrates (figure 3.14) the NWs are in general quite short
with respect to wires grown on non-treated substrates (figure 3.13(c)) and have a
typical width of 40 – 50 nm. Probably the competition [47] between the NW growth
and the deposition of a two-dimensional layer, higher on a deoxidised substrate
rather than on oxides is the reason of the lower density and shorter length of the
NWs observed. The fact that in the case of GaAs NWs the differences between the
growth on non-treated substrates and deoxidized substrates is smaller (see figure
3.4(b), figure 3.10(b)) can be understood with the argument that in that case the
growth temperature is around or above the value necessary for oxide desorption
that can therefore take place before the NW growth leading to a closer similarity
between the wires grown on the two different substrates. On the other hand, it
remains difficult to explain why InAs NWs are oriented on non-treated substrates
having been growing at a lower T than the GaAs wires shown in figure 3.4(a) that
are randomly oriented. The difference could lie in the different chemistry of the
eutectic formed between Au and involved elements (In rather than Ga).
3.8 Conclusion
In conclusion we have demonstrated the growth of GaAs NWs on SiO2, GaAs
(100) and GaAs (111) substrates. Optimization of the growth parameters is car-
ried out and we can get the NWs samples of desired length as well as density. A
thorough study was carried out in order to understand the growth mechanism for
GaAs NWs and to identify the role of substrate on NWs growth and morphology
issues. We have demonstrated that deoxidation or growth of an epitaxial layer on
the substrate is not enough to prevent the growth of misoriented wires and that
an annealing step after catalyst deposition is necessary. This additional treatment
gives uniform distribution of diameter and eliminates misoriented NWs. We have
also demonstrated change in the aspect ratio with growth time. Changes in diam-
eter with increasing growth time as well as at low temperature are attributed to
the radial growth. A simple growth model is presented which take in account axial
and radial growth. Growth model is discussed with statistical data taken from
grown NWs as function of growth duration and growth temperature. InAs NWs
have also been grown and we observe a strong growth temperature dependence on
NWs yield. We conclude defining a very narrow range for InAs NWs growth.
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Chapter 4
InGaAs and InGaAs/GaAs
Core-shell NWs
4.1 Introduction
InxGa1−xAs–based nanowires may have interesting applications in the field of high
mobility electronics and of optoelectronics in the wavelength region of interest for
telecommunications. PL has been reported from InxGa1−xAs nanowires grown by
metal-organic vapour deposition [56, 104]. These articles only show low temper-
ature PL of pure InxGa1−xAs nanowires. In [105], Regolin and co-workers have
reported the fabrication of InGaAs/GaAs core–shell (CS) NWs but they only re-
ported the low temperature luminescence signal from the GaAs regions of their
nanostructures. In this chapter we will describe the growth and characterization
of InGaAs and InGaAs/GaAs core/shell NWs. Part of these results have been
published in [106].
4.2 InGaAs NWs
4.2.1 Temperature optimization
A series of InGaAs NWs samples were grown on deoxidized GaAs (111)B substrates
using 0.1 nm of Au as catalyst in order to optimize the growth temperature.
NWs grown at 400 ◦C, 450 ◦C, 500 ◦C and 550 ◦C are shown in figure 4.1. The
growth was performed with a V/III BEPR of 6 in the same conditions giving
nominial In concentrations x = 0.09, 0.19, 0.45 and 0.55 respectively, in a 2-D
InxGa1−xAs layer, as determined by XRD on test samples. Figure 4.1 reports the
results obtained for x = 0.45 at the four temperatures. Figure 4.1 (a) and 4.1
63
4. InGaAs and InGaAs/GaAs Core-shell NWs
Figure 4.1: InxGa1−xAs grown at 400 ◦C (a), 450 ◦C (b), 500 ◦C (c) and 550 ◦C
(d). (a) and (b) show higher density compared to (c). In (c) we have NWs oriented
NWs as in (d) but latter shows low density. Oriented NWs have round tip.
(b) showing the NWs grown at 400 ◦C and 450 ◦C, respectively, show InxGa1−xAs
NWs with high density and relevant tapering, whereas the NWs shown in figure
4.1 (c) and (d), grown at 500 ◦C and 550 ◦C, respectively are not tapered. For
latter temperature density is very low.
Hence we decided to take 500 ◦C as the optimum temperature for the growth
of InxGa1−xAs and subsequently CS NWs.
4.2.2 InxGa1−xAs with different In content
We have grown series of samples with varying In content to study the effect of In
concentration on the morphology of grown InxGa1−xAs and their corresponding
CS NWs. In figure 4.2 representative images of NWs with different In content are
shown. The NWs are mainly oriented vertically on the GaAs (111)B and have a
round tip.
For x = 0.09 NWs, ( figure 4.2 (a)), have a low density, average length of 200
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Figure 4.2: InxGa1−xAs NWs grown at 500 ◦C growth temperature with different
In content. (a) x = 0.09, (b) x = 0.19 and (c) x = 0.55.
nm and diameter between 40 and 70 nm. For x = 0.19 an increase in average
length is observed as shown in figure 4.2 (b). These NWs are around 800 nm long
while their average diameter is around 45 nm. In figure 4.2 (c), NWs with x = 0.55
are shown. These NWs are around 1350 nm long and their average diameter is 50
nm. All of these NWs are aligned normally to the substrate for all In contents and
a round tip with a droplet at the free end is clearly observed. A small fraction of
misoriented NWs are also observed, which show a marginal tapering towards the
tip.
4.3 Core-shell NWs
Two series of InxGa1−xAs and their respective CS NWs were grown using different
V/III beam equivalent pressure ratios (BPR). We describe the morphology of these
two sets of NWs separately.
4.3.1 V/III BPR 6
InxGa1−xAs/GaAs core-shell NWs were grown by simply closing the In shutter
after 30′ growth of InxGa1−xAs and growing GaAs for anoher 30′. According to
our growth model described in chapter 3 3.6.2 when the NW length exceeds the
diffusion length of cations, GaAs growth takes place both radially and axially. This
radial contribution gives rise to the shell formation around the InxGa1−xAs core.
As for InxGa1−xAs NWs the CS NWs are oriented normally to the substrate
with a few misoriented nanostructures. As it can be seen in figure 4.3 (a), (b),
(c) and (d), all of these NWs show a marginal tapering or have pencil-like free
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Figure 4.3: CS NWs grown at 500 ◦C growth temperature with different In content
using a BPER of 6. (a) shows short cylindrical NWs with In content of 9 %.
Comparatively longer than (a) NWs with 19 % In content in (b) are shown. In (c)
and (d) shows long oriented NWs with In content of 45 % and 55 % respectively.
Few misoriented NWs can also be seen in (a), (b) and (c) .
ends. The morphology of these CS NWs shows dependence on In content and
their density also change with the In composition. For x = 0.09 CS NWs, the
length is around 750 nm while their diameter is around 90 nm. Increase in In
content to x = 0.19 results in the increase of the average length of CS NWs to 900
nm with diameter around 90 nm while for x = 0.45 they are 1300 nm long and
have a diameter around 90 nm. Further increase in In content to x = 0.55, gives
CS NWs with average length around 1400 nm and diameter of 95 nm. A summary
of above described results about length and diameter InxGa1−xAs NWs and CS
NWs grown with In content between 9 – 55 % are given in table 4.1.
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Sample In % Length
(nm)
Diameter
(nm)
a/e 9 200/750 50/90
b/f 19 700/1000 45/90
c/g 45 900/1300 55/90
d/h 55 1350/1400 50/95
Table 4.1: Summary of the characteristics of a set of samples grown with differenct
In content at a V/III BPR of 6. Samples a, b, c, d are InxGa1−xAs NWs, e, f, g,
h are CS NWs.
4.3.2 V/III BPR 12
A second series of InGaAs and CS NWs were grown using a higher As fluxes,
leading to a V/III BPR of 12. The results are shown in figure 4.4. Under similar
growth parameters used for the series of V/III BPR of 6 (a), (b) and (c) are
InxGa1−xAs grown with In content of 0.9, 0.19 and 0.45 respectively, while their
paired CS NWs are shown in figure 4.4 (d), (e) and (f). We observe that in
these samples the InxGa1−xAs NWs are divided into two families: short, oriented
with round tips the first family, while those of second family are long, misoriented
with tapered tips. Here a quantitative analysis is presented only for first family
i.e. oriented with shorter lengths, since it is difficult to carry out the statistical
analysis of misoriented NWs.
InxGa1−xAs NWs with 0.09 are shown in figure 4.4 (a). In this case the
InxGa1−xAs NWs are 700 nm long with diameter around 50 nm. For x = 0.19
InxGa1−xAs NWs are around 300 nm long with diameter around 45 nm. InxGa1−xAs
NWs grown with In content x = 0.45 are 300 nm long with diameter around 50
nm. These results are summarized in table 4.2
CS NWs with 9% In figure 4.4 (d) content show similar length as those of
InxGa1−xAs NWs, around 700 nm, but their diameter is about 110 nm. CS NWs
with 19 % In content are much longer than their corresponding InxGa1−xAs NWs
and are around 800 nm long with diameter of 70 nm, while those with 45 % In
content are again 700 nm long with 90 nm diameter. A summary of this data is
presented in table 3.2. As it is evident in figure 4.5 (a) and (b) these CS NWs
have round pencil-like tip.
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Figure 4.4: InxGa1−xAs and CS NWs grown at 500 ◦C growth temperature with
different In content using BPER of 12. In (a), (b) and (c) InxGa1−xAs growth
with In content of 9, 19 and 45. Two families of NWs are clearly visible. In (d),
(e) and (f) corresponding to In content 0.09, 0.19 and 0.45 CS NWs are shown.
Figure 4.5: High magnification SEM image of CS NWs grown with 9% In. Top
view (a) and tilted at 45◦ (b) image of the same region shows pencil-like tip.
Referring to our growth model this pencil-like tip is due to the radial growth of
the GaAs as shell around the InGaAs NW.
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Samples In % Length
(nm)
Diameter
(nm)
a/d 9 600/750 50/100
b/e 19 400/700 40/80
c/f 45 300/700 50/80
Table 4.2: Summary of the characteristics of a set of samples grown with different
In content at a V/III BPR of 12. Samples a, b, c are InxGa1−xAs NWs, d, e, f are
CS NWs. Samples growth with different In % with V/III ratio 12. a, b and c are
InGaAs NWs samples and d, e and f are CS NWs samples.
4.4 Discussion
In figure 4.6 some statistics are presented for InxGa1−xAs and CS NWs grown at
low BPR. These histograms, red for InxGa1−xAs NWs and blue for CS NWs, show
the length and diameter spread of these NWs. It is important to point out that
the diameter for both InxGa1−xAs and CS NWs correspond to the base of these
NWs. The dependence of the mean value of these distributions on the In content
is shown in figure 3.8. For InxGa1−xAs NWs it is observed that with increasing
In content average length is increased linearly while their diameter only shows a
small change as shown in figure 4.7. This increase in the length of InxGa1−xAs
NWs with no considerable change in diameters, is due to the fact that NWs grow
mainly axially and an increase in In content implies an increase of the growth rate
so that NWs with higher In content are longer. Presence of round tip, which is a
Au– rich droplet, with almost the same diameter of the base of the NWs confirms
that the growth of these InxGa1−xAs NWs is via VLS. A similar trend of increase
in length is observed for InxGa1−xAs NWs grown with V/III ratio of 12.
For CS NWs we observe a similar increase but in this case we also have an
increase in average diameter. For all In contents we observe an increase of diameter
of ∼ 40 nm in the CS NWs compared with the internal InxGa1−xAs wires. This
increase in diameter for the CS NWs confirms the validity of our growth model
which we have presented in chapter 3 3.6.2 where we assumed that the radial
growth to be responsible for the increase in the NW base diameter. Together with
radial growth we generally have also an axial growth contribution through the tip
which results in the increase of the average length of the CS NWs. Only in case
of x = 55 % where the InGaAs NWs length exceed 1 µm, we observe that GaAs
growth is dominantly radial, with negligible axial contribution. This confirms the
estimation of ' 0.9 µm for the Ga diffusion at 500 ◦C [102, 103].
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Figure 4.6: Histograms showing length and diameter spread for InxGa1−xAs and
CS NWs grown with varying In content using V/III ratio of 6. In (a), (b), (c) and
(d) Red histograms are representatives of InxGa1−xAs NWs with In content of 9,
19, 45 and 55 % and Blue shows the spread of the diameter of the corresponding CS
NWs grown with similar growth conditions. Increase in diameter for InxGa1−xAs
to CS NWs for each In content shows the formation of shell around the bare
(InGaAs) NWs. In (e), (f), (g) and (h) histograms show the length of these NWs.
Again red for InxGa1−xAs and blue for CS NWs.
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Figure 4.7: InxGa1−xAs and CS NWs length and diameter dependence on In con-
tent. Red ◦ corresponds to InGaAs NWs whereas blue • represent CS NWs. A
steady increase in length is observed for InGaAs and CS NWs whereas diameter
stay similar for grown NWs. An average increase of ' 40 nm is observed for all
the series of CS NWs grown with In content of 9, 19, 45 and 55 %.
4.5 Transmission electron microscopy (TEM)
The formation of the core-shell structure of the InxGa1−xAs/GaAs NWs has been
verified by high-angle annular dark field (HAADF) imaging in a scanning TEM
(STEM). The use of the HAADF permits to readily visualize regions of different
compositions as the intensity is in good approximation to a mass thickness map
of the sample, the cross-section of each atom being proportional to Za (a ∼ 2)
[52]. This is specially true outside low index zone axis conditions where most of
the dynamic effects on the electron probe can be avoided. This condition was used
in the case of figure 4.8 taken with a tilt of ∼ 5◦ off the [1,1,-2,0] zone axis on
the final part of a representative wire coming from the sample also used for figure
4.1 (c). A brighter core is clearly visible in the image of the wire indicating the
presence of a material with a higher average cross-section, as InxGa1−xAs is with
respect to GaAs. Core and shell parts of the NW have a wurtzite lattice structure.
An intensity profile of the central region has been also plotted in the figure. This
profile shows that going towards the NW tip, close to position 400 nm, a quite
abrupt (within 30 nm) decrease of the intensity occurs, suggesting that the final
part of the wire is made of pure GaAs, as expected from the growth procedure.
The further, smoother, decrease of the intensity in the GaAs region is due to the
reduction of the wire diameter.
The image also shows that some radial growth of GaAs has occurred giving
rise to the NW shell. The strong pencil-like, tapering of the NW in the last 200
nm is due to NP size decrease due to the limited diffusion of ad-atoms toward the
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Figure 4.8: (a) High angle annular dark field of the final part of an
In0.35Ga0.65As/GaAs core-shell nanowire. The red curve is an intensity profile of
the central region. A steep decrease around position 400 nm indicates an abrupt
change in the NW chemical composition. The further, smoother, intensity decrease
is due to the NW tapering. The bright particle at the free end of the wire is the
residual Au nanoparticle that induced the growth. The yellow and green boxes
indicate the NW regions where the images shown in parts (b) and (c) have been
taken, respectively. (b) and (c) Details of the core-shell region of the same wire,
taken in the yellow and green boxes of part (a), respectively. In (b) the black curve
is the HAADF intensity profile along the core-shell region and is shown together
with a similar profile measured in the region shown in (c) (red dashed curve). This
latter profile is also shown in (c).
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metallic NP where they are incorporated [46, 107]. This tapering is not specific
of the core-shell structures grown here but are also observed in long GaAs NWs
[107]. Figure 4.8 (b) shows in more detail the region of the wire where the core-shell
structure exists while figure 4.8 (c) shows a detail of the pure GaAs region. The
yellow and green boxes in figure 4.8 (a) indicate the regions magnified in figure 4.8
(b) and (c), respectively. For a better comparison in figure 4.8 (b) we also report
two intensity profiles in the direction orthogonal to the growth direction: the black
curve is taken from the image in figure 4.8 (b) (core-shell), while the red curve has
been taken from the image in figure 4.8 (c), where only GaAs has grown after the
closing of the In shutter. The characteristic shape of these profiles are compatible
with the hexagonal shape of the wire section, in both cases, and with the presence
of an In-rich core of the size of 30 nm. Further experiments performed on the same
wire but close to the [1,0,-1,0] zone axis (here not shown) have also been used to
confirm the core-shell nature of the wires. The use of a different imaging direction
allows us to further exclude any geometrical artefact to contribute to the brighter
intensity of the central region of the nanowire.
4.6 Photoluminescence (PL)
Plain PL measurements have been performed on as-grown wires and micro–PL (µ–
PL) was carried out on NWs mechanically transferred onto a piece of Si. µ–PL has
been performed on single as well as on bunches of a few NWs. In both experimental
set-up, the excitation wavelength was 514.5 nm and the luminescence, dispersed
by a 1 m long monochromator was revealed by an amplified Ge photodiode. The
nominal spot diameter in the µ–PL experiment is 0.6 µm. Figure 4.9 summarizes
the results obtained at low temperature. Curve (a) and (b) are the plain PL
spectra, taken at 14 K, of InxGa1−xAs NWs and InxGa1−xAs/GaAs CS NWs,
respectively, as obtained on the as-grown samples used for figure 4.1(c), figure 4.3
(c). The PL of the core-shell wires is six hundred times more intense than that
of the InxGa1−xAs NWs, The PL peak energy is almost the same, while the line-
shape of the core-shell wires is narrower, although it is also a quite broad band
(FWHM = 87 meV). These features are common to the other In contents used in
this work: in general the growth of the shell does not modify in a significant way
the energy position of the PL (sometimes a small blue-shift is observed) but the
line-shape of the CS wires is always narrower. These features suggest that some
In–Ga inter–diffusion may occur during the shell growth, a kind of self-annealing,
thus improving the general crystal quality of the material.
The curve in figure 4.10 shows the µ–PL at 5 K of a single core-shell wire. PL
line-shape and position are similar to that obtained on the large ensemble of wires
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Figure 4.9: Curves (a) and (b): photoluminescence spectra at 14 K of InGaAs NWs
(a), In0.35Ga0.65As/GaAs core-shell NWs (b). Notice that the spectrum relative to
the InGaAs wires is magnified by a factor of 600 with respect to the spectrum of
the core-shell wires.
illuminated in the macro PL. We have found only little variation of the PL peak
position of the several wires or bunches investigated. These features suggest a
quite large homogeneity from wire to wire pointing out on the other hand that the
broad PL line–shape also observed in single -or few-wire signals indicates sizeable
inhomogeneities within each wire.
The energy position of the PL peak of the wires shown in figure 4.9 suggests
that carrier confinement occurs in the wires, both simple and core-shell. The peak
lies indeed in the 1.22 – 1.25 eV energy range. For x = 0.35, as this is the case,
the band gap at low temperature for unstrained InxGa1−xAs is indeed 1.043 eV
[108] a quite smaller value. Even if we consider the effect of the wurtzite lattice
structure that could increase the band gap of the material by a few percent [109],
the measured peak energy lies well above the bulk value. Also the dependence of
the PL integrated intensity on the temperature, obtained with plain PL, indicates
that our NWs do not behave as bulk materials.
The Arrhenius plot of the integrated intensity, reported in figure 4.11, shows
indeed an intensity loss of more than three orders of magnitude from 14 K to room
temperature. Such behavior is quite similar to what is observed in InGaAs/GaAs
quantum well structures [110], and is much more relevant than what generally
observed in bulk materials. We point out that the curve shown in figure 4.11 been
obtained with an excitation power of 1 mW, a low value that still allows easy
detection of room temperature PL.
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Figure 4.10: µ–photoluminescence spectra at 5 K of In0.35Ga0.65As/GaAs core-shell
NWs
Figure 4.11: Photoluminescence integrated intensity vs reciprocal temperature for
In0.35Ga0.65As/GaAs core-shell nanowires. The excitation power is 1 mW.
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4.7 Conclusion
In this chapter we have presented our results on InxGa1−xAs and InxGa1−xAs/GaAs
CS NWs. InxGa1−xAs NWs and their corresponding CS NWs are grown with
different In content. We observe an In content dependence of NW length and di-
ameter. We also observe that the use of a relatively low V/III BPR improves the
orientation and homogeneity of the NWs yield. HAADF images taken by TEM
confirm the CS formation. The core-shell NWs show a high optical quality. Their
PL intensity is three orders of magnitude higher than that of parent InGaAs NWs
without GaAs shell. Carrier confinement is suggested by the temperature depen-
dence of the PL intensity. Room temperature PL has been easily obtained with
low excitation powers.
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Chapter 5
Capping of nanowires
5.1 Introduction
NWs are characterized by a high surface to volume ratio. From one hand, this
makes them very sensitive to surface oxidation, that can completely modify their
electronic properties. On the other side, this makes them of potential technological
interest for applications as solar cells and sensors. The possibility of protecting
their surface from oxidation and recover them clean in a second moment may open
the possibility of making ex situ characterization, and also of implementing ex situ
surface passivation and functionalize processes. Formation of native surface oxide
over the MBE grown epilayers, e.g., AlGaAs and InGaAs, were reported by [111]
back in 1978 and then later on [112, 113]. There are situations where this become
a problem, for instance where clean, unoxidized surface is required for subsequent
growth. A solution of this problem, in situ condensation of an As cap layer was
proposed by Kowalczyk et. al. [114] for the passivation of MBE grown compound
semiconductors surface.
Detailed analysis of this capping and decapping had been carried out for
AlxGa1−xAs (001) [115] and effectiveness of this As cap protection was found to be
working after months of preparation and stored in atmosphere [116]. Resch-Esser
et.al. demonstrated the surface quality and the atomic structure of GaAs (100) af-
ter capping - decapping process [117]. Scanning tunneling microscopy (STM) was
used and dependence of the atomic structure and surface morphology on anneal-
ing temperature was observed. Heinlein and co-worker used this capping process
in order to obtain selective area re-growth of n-GaAs with significantly reduced
interface carrier depletion [118]. Following the experience with 2-D layers, we ex-
plored the possibility of using As as a protecting layer for NWs. In this chapter
we report the details of the procedure together with the tests demonstrating the
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Figure 5.1: RHEED pattern during during substrate deoxidation (a), NWs growth
(b) and decapping (c).
effectiveness of the method.
5.2 Growth
The capping – decapping procedure can be described as follows: the grown samples
stay in the growth chamber over night, untill the substrate temperature is well
below room temperature. Then the samples are exposed to As flux for at least
2 h and at this point can be safely exposed to air. To remove the As layer, the
samples are heated in UHV up to 450 ◦C. This procedure has been followed by
RHEED and its effectiveness on the surface chemistry and the morphology of the
samples has been controlled by XPS and SEM respectively.
5.3 Reflection high energy electron diffraction
(RHEED)
Since RHEED give us information about crystal structure during the growth, we
use it to monitor the changes occurring during the process of NWs growth and
decapping. On deoxidized GaAs (111)B surface we have (1×1) RHEED pattern
as shown in figure 5.1 (a). As NWs growth starts changes in the RHEED pattern
takes place and as shown in figure 5.1 (b): some arranged spots are observed on
GaAs (111)B. The arranged spots for GaAs (111)B RHEED pattern are signature
of the oriented NWs.
After capping with thick As no RHEED pattern is observed. Upon decapping
of the As layer, carried out at 450 ◦C, RHEED patterns are observed similar to
that during NWs growth as shown in figure 5.1 (c) again for GaAs (111)B . This
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5.4. Scanning electron microscopy (SEM)
Figure 5.2: SEM images of capped GaAs NWs. Mn - catalyzed NWs on SiO2 (a)
and Au - catalyzed on GaAs (111) substrates(b).
comparison between RHEED patterns after decapping and during growth of NWs
suggests that the As layer is successfully removed without effecting the NWs.
5.4 Scanning electron microscopy (SEM)
The SEM analysis is done on capped and then on decapped NWs samples. Efforts
are made to image the same region for capped and decapped sample by marking
the sample in order to have comparison of the morphology of the NWs. In figure
5.2 (a) and (b) As–capped GaAs NWs are shown grown on SiO2 and GaAs (111)B
substrates respectively. Figure 5.2 (a) are Mn-catalyzed GaAs NWs on SiO2,
and figure 5.2 (b) shows Au catalyzed GaAs NWs on GaAs (111)B substrate. Mn-
catalyzed GaAs NWs on SiO2 are randomly oriented [119] (chapter 8), whereas Au
catalyzed GaAs NWs on GaAs (111)B are oriented normal to the substrates surface
[49]. In figure 5.2 (a) we observe similar situation where capped nanostructures
seems randomly oriented on SiO2 substrates and in figure 5.2 (b) appears oriented
normally on the GaAs (111)B substrate surface.
It can clearly be seen that these NWs are completely covered by As. After
decapping SEM images have been taken again around almost previously marked
regions, as shown in figure 5.3. Again in figure 5.3 (a) there are Mn–catalyzed
GaAs NWs, while in figure 5.3 (b) are Au–catalyzed. Randomly oriented GaAs
NWs are observed in figure 5.3 (a) and normal to the substrate surface in figure
5.3 (b). These images show that cap had been removed successfully and after
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Figure 5.3: SEM images of decapped Mn - catalyzed GaAs NWs on SiO2 (a) and
Au - catalyzed on GaAs (111) substrates (b). After decapping Au droplet (red
circle) is still on NWs tip as shown in (b).
decapping NWs are identical to those which have never gone through capping and
decapping process [49] (Chapter 3), [119] (Chapter 8). In case of Au–catalyzed
NWs even Au tip can be observed clearly as marked by red circles in figure 5.3.
5.5 X-ray photoemission spectroscopy (XPS)
XPS study was performed to observe the changes in the chemical composition of
GaAs NWs during capping and decapping process. A sample of high density of
NWs grown on SiO2 was chosen in order to eliminate all possible contributions
from GaAs substrate. Surface XPS spectra are recorded at each step during the
whole process. First XPS spectra are taken of as–grown samples for As 3d, Ga 3d
and O 1s core level regions. As shown in figure 5.4, 5.5 and 5.6 in red, peaks at
19 eV and 41 eV, which corresponding to the As and Ga bound to GaAs. No O
1s peak is observed. After capping, we performed the second XPS measurements.
As a result of capping, the As 3d peak is shifted towards higher binding energy
value (42 eV) which represents the metallic As, as shown in figure 5.5. No Ga 3d
peak is observed in figure 5.4 as expected since we have capped the sample with
abundant As. Similarly no O 1s peak is observed in figure 5.6. After exposing to
air As 3d peak is still at higher binding energy value (42 eV) but an additional peak
at further higher binding energy value is also observed (figure 5.5a green curve).
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Figure 5.4: XPS analysis carried out on GaAs NWs during each step of capping
and decapping for Ga3d core level.
Figure 5.5: XPS analysis carried out on GaAs NWs during each step of capping
and decapping for As 3d core level.
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Figure 5.6: XPS analysis carried out on GaAs NWs during each step of capping
and decapping for O1s core level.
This peak, at 45.8 eV, is attributed to As2O3. No Ga 3d peak is observed but this
time as expected a O 1s peak at 530.0 eV is observed (figure 5.4 and 5.6 shown
in green). This confirms that sample is oxidized upon exposure. After decaping,
figure 5.5 (aqueous curve), the As3d peak is moved to its initial position at 41 eV,
also the Ga 3d peak at 19 eV has recovered the original shape. This confirms that
decapping procedure is done successfully. No O 1s peak is observed and the As2O3
peak which was present in case of exposed spectra is no more there as shown in
figure 5.5 and 5.6 (aqueous curve). The absence of O 1s and As2O3 peak indicates
the successfulness of the capping procedure. The procedure has left both As3d and
Ga 3d peak to the initial binding energy values.
5.6 Conclusion
In conclusion, we have demonstrated that NWs before capping and after decapping
shows similar RHEED pattern, XPS spectra and morphology observed by SEM.
This confirms the usefulness of this process.
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Chapter 6
NWs SPEM analysis
6.1 Introduction
The large surface to volume ratio of NWs makes the electronic properties of these
nanostructures strongly dependent on details of their surfaces, as chemical and
structural irregularities (topological defects, roughness and step edges), and on
their environment. Oxidation of the NW surface, a common surface phenomenon
can lead to band-bending and consequently to the formation of the depletion layer
[84, 120] of thickness inverse dependent on the doping concentration. For moder-
ately doped GaAs NWs of widths less than 100 nm the surface charges on the side
walls becomes increasingly important and resulting in significant changes in con-
ductance [121]. These kind of effects makes the nanostructure of potential interest
in the design of a new generation of devices as for instance, chemical sensors.
In this chapter we report on the experiments we performed on GaAs NWs at
the ESCAmicroscopy beamline of ELETTRA as the first chapter of a long term
study aimed to the investigation of the electronic properties of the nanostructures
and their dependence on size and surface chemistry .
6.2 GaAs NWs preparation and characterization
For SPEM experiments GaAs NWs were grown at 580 ◦C on deox GaAs (111)B
substrates using a very thin catalyst layer (0.1 ML of Au). These conditions result
in NW areal density as low as 1 NW/µm2, that allows us to image single NW
in SPEM and record spatially resolved core level spectra at different position on
single NW. For this analysis we studied three NW samples. Their characteristics
are reported in table 6.1. Sample A was grown for 45′ resulting in short and
cylindrical NWs, with an average length of 2 µm and diameter of 45 nm. Sample
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Sample Growth
duration
Length
(µm)
Diameter
(nm)
Doping
density
Type Resistivity
(ohm cm)
A 45 2 – 3 45 1.51×1015 n 7×10−1
B 90 6 – 10 120 1.51×1015 n 7×10−1
C 90 6 – 10 120 8.10×1015 p 3
Table 6.1: Samples description measured at ESCAmicroscopy. Au-catalyzed GaAs
NWs grown on GaAs (111) for 45′ and 90′ using 0.02 nm thick Au film correspond-
ing to a density of ∼ 1NW/µm2. Sample A and B were grown with natural doping
of n-type where as sample C was grown in p-type environment.
B and C were grown for 90′. The long growth results in NWs with ”pencil like”
shape, as discussed in Chapter 3. These NWs have a base diameter of 100 nm
and average length around 6 – 10 µm. The cylindrical base section is several
microns long. At the tip the NW diameter is of 10 – 30 nm. The NWs were
not intentionally doped. The results of Hall measurements in the van der Paw
geometry of epitaxial 2-D GaAs layers grown just before the NWs in the same
set-up, as for background doping measurement, are indicated in table 6.1. These
values can be used as a qualitative indication that sample A and B have a low
n-type character, while sample C is low p-type.
6.3 GaAs NWs
To protect the NWs from oxidation during transfer from the MBE chamber to
SPEM, samples were As-capped as described in chapter 5. Representative images
of a sections of sample B As–capped and decapped, together with the details of
the tip of a pencil–like wire, as imaged by SEM are shown in figure 6.1 (a), (b)
and (c) respectively.
6.4 Scanning photo electron microscopy (SPEM)
results
The photoemission spectra after decapping shows only the presence of Ga and As
spectra related to GaAs. The low density of the NWs allowed exploring, with
SPEM, the evolution of the Ga 3d or As 3d spectra taken from spots along in-
dividual NWs, selected from the SPEM Ga 3d or As 3d image of the array in a
cross-section geometry, as illustrated in figure 6.2. Since the size of the microprobe
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Figure 6.1: SEM of GaAs NWs (a) As-capped, (b) decapped and (c) tip of the
NW.
(150 nm) is larger than the widths of the NWs under investigation, the dependence
of the photoelectron kinetic energy on the wire diameter is measured under iden-
tical homogeneous illumination conditions across the wire. The extremely small
capacity of the illuminated spot makes the photoemission very sensible to the
conductance of the parts that connect the illuminated spot to ground.
The peak kinetic energies, EK , and the shape of the As 3d and Ga 3d spectra
(not shown) did not change from spot to spot, which indicates that the composition
and electric properties remain invariant. However, the binding energies of the Ga
3d and As 3d core levels referenced to the analyser Fermi level appear at 41.2 and
19.5 eV, respectively, which are by ∼ 0.3 eV higher than the database entries for
GaAs samples, i.e. corresponding EK is lower by 0.3 eV [122]. This energy shift is
indicative for non-compensated surface potential, which as discussed below is due
to sensible charge depletion for widths below 100 nm [121]. A size-dependence of
the As 3d and Ga 3d core level energy shifts was observed for the pencil-like wires,
shown in figure 6.4 . The amount of this size-dependent EK shifts in the parts
with diminishing widths was almost the same for the As 3d and Ga 3d core levels,
as well as for the naturally n (sample B) and p-doped (sample C) NWs; the shift
increases (which implies decrease in Ek) with the decrease in the diameter along
the length of the NW and reaches ∼ 0.4 eV when the diameter drops to 30 – 40
nm, as illustrated by the ∆EK vs position plot in figure 6.4 . We do not include
in this plot the data taken moving further close to the tip, where shifts as high as
0.7 – 0.8 eV were measured, due to the ambiguity in location of the spot on the
NWs, imposed by the SPEM resolution.
The observed decrease in EK with decreasing diameter can be in principal at-
tributed to the following three reasons: (i) changes in the chemical state, (ii) band
bending (BB) and related surface photovoltage (SPV) effects, and (iii) built-up of
surface potential (charging), which occur when the conductance σ, determined by
the free electron carriers is insufficient to neutralize the irradiated zone. Consider-
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Figure 6.2: SPEM image of GaAs NWs. The contrast is given by Ga 3d core level
intensity emission.
Figure 6.3: Typical As 3d spectra taken at different positions along a wire of
sample A are reported. The core level binding energies are referred to the Fermi
level of the electron analyser, which is determined using the valence band and Au
4f7/2 core level spectum of Au film as a reference. In the top panel a SEM image
of a representative wire of sample A is shown for comparison.
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ing BB, SPV and the charging effects, we can write the simple relationship EK =
EK0 ± EBB ± ESPV - Ech. The BB and SPV-induced shift can have positive and
negative signs depending on doping and does not affect the width of the spectra.
Charging leads always to shift to higher binding energies and peak broadening,
when the necessary relaxation time for screening, τ = εε0/σ, exceeds ∼ 10−17 sec
[123, 124]. Since the photoemission spectra show no evidence for variations in the
chemical composition along the wires, the observed identical dependence of the
Ga 3d and As 3d EK shifts for both the p- and n-doped wires indicates that these
shifts are consequence of surface charging. The correlation between the EK shifts
and BB and/or SPV effects can be excluded or should be considered as minor con-
tributions, since these effects have different signs for n- and p-doped wires. Close
inspection of the As 3d and Ga 3d spectra also shows about 0.1 eV increase of
their width with reducing the diameter, which supports that the size dependence
of EK is dominated by charging effects. Consequently, the EK shifts can be di-
rectly used as a measure of the surface potential and applying Ohm’s low we can
evaluate the NW resistivity. The experimental set-up detects finite Ga or/and As
core level shifts (surface potentials) with accuracy of 0.05 eV, which means that for
the typical photocurrents of ∼ 10−9 A, measured for semiconducting samples with
our set-up, we can easily monitor conductance lower than 10−8 Ω−1. As estimate
of the conductance of a NW 6 µm long with a diameter of 100 nm, based on the
resistivity data in table 6.1 gives values of the order of 10−8 Ω−1.
In order to get further insight on the origin of the Ek dependence on NW size
or position we studied the temperature dependence of the core level emission for
several wires of sample B. Figure 6.5 shows selected As 3d spectra and the plot
of the EK shifts measured along the pencil-like wires at 25
◦C and at 225 ◦C.
Comparing the changes in the positions of the As 3d and Ga 3d spectra, measured
at both temperatures it becomes clear that at 25 ◦C even the wider base part
of the NWs is charged by -0.1 eV, which, according to the above considerations,
indicates that its conductance should be of the order of 10−8 Ω−1. This means
that the measured potential ∼ – 0.5 eV for diameter reduction from ∼ 120 nm
to 30 – 40 nm indicates that the conductance drops to ∼ 2×10−9 Ω−1. The
measured As 3d binding energy of 40.9 eV for hot samples with respect to the
Fermi level of the spectrometer agrees with the database entries for GaAs samples
[122], which is another proof that charging is the major reason for the observed
shifts. Undoubtedly, with increase in the surface to volume ratio the charge carriers
near the surface are much more likely to be trapped and scattered. However, it is
worth notifying that the classical relationship between ohmic conductance and NW
radius predicts that conductance decreases 16 times when diminishing the width
from 120 to 30 nm, which as order of magnitude is comparable with the factor 20
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Figure 6.4: (bottom) As 3d spectra taken in different positions starting from the
cylindrical base of pencil-like wires, selected from the SPEM images. (middle)
Plot of the absolute Ek shift measured from sets of Ga 3d (open markers) and As
3d spectra (filled markers). Different markers correspond to data from different
individual n- or p-doped wires. The measurements were limited to the parts with
diameters > 30 nm, which are visible in the SPEM image and far from the tip
with Au catalyst.
evaluated from the measured built-up surface potential. This is concomitant with
the characteristic feature of GaAs surfaces having Fermi level at the bulk position
determined by the doping. In other words, for the GaAs NWs having at most
weak band-bending, i.e. the screening lengths are rather short and the depleted
space-charge region will sensibly effect the conductance of the only very thin NWs.
6.5 Oxidation
Exposing the p-doped pencil-like wires to ambient oxygen leads to the formation
of a surface oxides shell, evidenced by the corresponding As and Ga 3d core level
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Figure 6.5: Temperature dependence of the As 3d shifts, reflecting the enhance-
ment of carriers arising from thermally excited electrons to the conduction band,
which reduces Ech.
changes, which is accompanied by a very significant finite EK energy shifts. The
correlation between the observed As 3d and Ga 3d energy shifts and size-dependent
conductance is not straight forward, since we should consider the contribution of
the chemical shifts and band–bending away from the interface with characteris-
tic screening length caused by the GaAs-oxide interface states. Formation of Ga
oxides results in two components on the low kinetic energy side of Ga 3d (GaAs)
peak, shifted by 0.7 and 1.4 eV, whereas up to five new components with shifts
ranging between 0.7 and 4.5 eV account for the richness of As oxidation states
[125]. Since the formation of Ga2O3 is thermodynamically favoured, in the earlier
oxidation states along with formation of As oxides arsenic atoms, i.e. a sixth com-
ponent have to be considered as well [126]. As oxides may also undergo partial
photon-induced reduction, which introduces further complications in handling the
As core level spectra [127]. Considering smaller chemical shifts, fewer oxide com-
ponents and relative stability of Ga oxides the Ga 3d spectra were more adequate
for exploring the charging effects of the NWs. The Ga 3d spectra in figure 6.6 con-
tains both Ga oxide and Ga (GaAs) components and moving towards the thinner
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Figure 6.6: Ga 3d spectra taken along pencil-like wires, indicated in the inserted
SPEM image. The deconvolution shows the Ga (GaAs) and Ga oxide components.
The top dotted spectra are not deconvoluted since they are an average of several
spectra showing time dependence of energy position (up to ± 0.5 eV) and shape.
part all photoemission spectra undergo shifts towards lower EK , accompanied by
visible broadening. When the diameter drops below ∼ 80 nm, the broadening and
EK becomes time-dependent, i.e. the spectrum appearance varied from scan to
scan (dotted spectra). The most likely mechanisms among the possible ones that
contribute to the spectral broadening and time-dependence to be considered in the
present case are charging occurring on a time scale comparable to the acquisition
time and differential charging resulting from dependence of the energy shift of the
photoemission lines on the take-off angle [123, 124, 128]. The latter is a natural
result from the geometry of the NWs, where with decreasing the diameter, pho-
toelectrons with variable take-off angles start to contribute almost equally to the
signal.
The deconvolution of the Ga 3d spectra, shown in figure 6.6, was made only for
those, which remain invariant within the acquisition time, allowing proportional
broadening of the components resulting from charging. Comparing the relative
weight of the Ga oxide and Ga (GaAs) components indicates that the formed
oxide shell does not exceed 1 nm, with some tendency of increase of the thickness
of the oxide shell with decreasing the diameter. For the degree of band-bending we
judged comparing the Ga (GaAs) EK before and after oxidation, measured close
to the base of the wires. The measured total shift of 0.4 eV which we attribute to
band-bending may also have some changing contribution. The observed significant
energy shifts with diminishing of the NW diameter is apparently dominated by
charging. The evolution of As 3d kinetic energy and spectral shape with NW
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width showed very similar trend.
The amount of the measured finite shifts, related to charging, was also very
similar. Similar EK shifts also showed the onset of valence band spectra, which
reflects only the band-bending and charging effects. If we focus only on the evo-
lution of the Ga 3d spectra in figure 6.6 that do not show time dependence, i.e.
from ∼ 120 nm to the mid part of the wires where the diameter is about 80 nm
the measured surface potential of the order of 1 eV (compared to ∼ 0.15 eV for
oxide-free NWs in figure 6.4 indicates that the conductance has dropped more than
five times in the presence of an oxide shell. The time dependent charging moving
to the parts thinner than ∼ 80 nm indicates a non-stable steady state surface
potential due to variations in the surface conductance. However, these variations
are much smaller than the shifts, which reach ∼ 7 eV, i.e. the conductance be-
comes as low as 1010 Ω−1, which renders the low-doped GaAs NWs of widths below
100 nm semi-insulating. This result demonstrates that the electronic properties
of GaAs NWs are much more sensitive to surface modification than to changes of
the diameter. Considering the low doping of the NWs it is easy to predict that
using the Fermi level pinning potential (eφ = Ec – EF ) of only 0.1 eV the charge
depletion length becomes comparable with NW diameter and the screening of the
holes created by photoemission becomes less effective.
6.6 Conclusion
In conclusion, we have demonstrated that conductance changes of the NWs re-
sulting from shrinking size, temperature and surface treatment can be addressed
using as a probe surface charging in photoelectron spectro-microscopy, a method
that also provides control about surface chemical composition. This opens exciting
possibilities by refining the experimental set-up to discriminate the impact of wire
diameter, surface status, contact metals and gate voltage on charge carrier con-
centration, information that is vital for employing these nanostructures in devices
and sensors.
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Chapter 7
Mn - catalyzed GaAs and InAs
NWs
7.1 Introduction
Dilute magnetic semiconductors (DMS) has been an extensively studied field in
semiconductor research. A DMS [129] consists of a non-magnetic semiconductor
doped with a few % of a magnetic ion (a transition metal, e.g. Mn or Fe). The
magnetic ions ideally occupy substitutional sites in the semiconductor lattice and
give rise to the material magnetic properties. DMSs form the materials basis of
the emerging field of spintronics. There are expectations that room temperature
ferromagnetism might be obtained in DMS materials. In 2000 Dietl et. al. [130]
predicted that room temperature ferromagnetism could be obtained by doping
GaN or ZnO with a few % of Mn. Later on, ferromagnetism at 172 K was reported
for p-type delta-doped GaAs:Mn [131] and in 2005 the same group reported [132,
133] a Curie temperature of 250 K in a specially designed heterostructure. It
is important to note that ferromagnetism can also be observed if ferromagnetic
precipitates are present in the material but of course this does not qualify as
a true DMS. Recently, a number of II-VI and III-V materials have been doped
with Mn in a chemical vapour deposition reactor [134]. So far Mn doping of the
semiconductor material is provided by supplying Mn precursors during the growth
or by post-growth ion implantation.
In GaMnAs thin films, there is a close interplay between the local atomic
structure of Mn and the electronic properties. First principle calculations by Ma-
hadevan and Zunger [135] predict that the formation energy of a non magnetic
interstitial Mn defect decreases as the Fermi level shifts towards the valence band,
which can be achieved for example by Be co-doping. Experimentally, the incorpo-
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ration of Mn has been studied by ion channelling techniques (especially Proton -
Induced X-ray Emission, PIXE) and by Extended X-ray Absorption Fine Struc-
ture (EXAFS [136]). Using PIXE [137, 138], the presence of up to 15 % of Mn in
interstitial sites has been detected in GaMnAs alloys, possibly in the close vicin-
ity to Mn in substitutional sites. The growth of GaAs:Mn NWs would open the
possibility to develop 1-D ferromagnetic semiconductors to be integrated with the
GaAs technology.
Being aware of the recent observations of Au impurities in Au – catalyzed
ZnSe [64] and InAs [63] NWs, we tried to use Mn as the growth catalyst for
GaAs NWs. Diffusion of the catalyst in the body of the nanostructure could bring
to the GaMnAs NWs. Recently, two other groups have reported the growth of
(Ga:Mn)As NWs exploiting the formation of 3D precursor structures during the
growth of alloys layers on GaAs substrates [139, 140]. The actual incorporation of
Mn in the GaAs lattice was not studied by these groups.
In this chapter we describe the successful growth of GaAs and InAs NWs
using Mn as catalyst together with SEM, TEM analysis, transport measurements,
EXAFS and PL analysis of Mn catalyzed GaAs NWs. Part of these results have
been published in [119, 141].
7.2 GaAs Nanowires
7.2.1 Growth
For Mn-catalyzed NWs, different substrates, Epi ready GaAs (100) (in the fol-
lowing ox – GaAs), GaAs (110), fresh epitaxially grown GaAs (100) and (111)
B oriented and SiO2 were used. The substrates were heated up to 300
◦C after
loading and after the first treatment, all the substrates were transferred in the
metallization chamber, where Mn was deposited at room temperature. The Mn
deposition rate was calibrated in situ using a quartz microbalance. The NWs were
then grown at different growth temperatures in the 450 ◦C – 650 ◦C range using Ga
and As4 elemental sources. The GaAs growth was performed for 30
′ using Ga and
As fluxes of 2.1 × 10−7 and 4.2 × 10−6 torr corresponding to a 2-D growth rate of
1 µm/h. An XPS analysis was performed to get information about the chemistry
of the substrate surface, the state of the catalyst and the interaction between the
substrate and catalyst upon heating at different temperature and consequently its
effect on the NWs morphology. Different Mn thicknesses were used in order to
optimize the density and its effect on NWs yield.
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7.2.2 Scanning electron microscopy (SEM)
Figure 7.1a shows a SEM image of GaAs NWs obtained at growth temperature
range of 510 ◦C – 620 ◦C on SiO2 using 1 nm thick Mn film as catalyst. The
image is a plane view of the samples. Starting from the lower growth temperature,
as shown in the figure, only two dimensional nanostructures (also some quasi-2-
D structures) are obtained. These nanostructures were also present for growth
carried out at lower than the shown temperatures i. e. at 450 ◦C. Increase in
growth temperature to 540 ◦C we observed NWs up to 15 µm long covering the
whole sample surface. NWs often show a tapered shape. The lateral dimension
of the wires ranges from tens to about 200 nm. Together with the many 1-D
structures, fewer 2-D structures (nanoleaves) are also observed.
Within the growth temperature of 540 ◦C – 620 ◦C fewer changes are observed,
in particular the NW density appears higher in the high-temperature region. Out-
side the indicated temperature range, no wire can be found on the substrate after
the growth procedure as shown the case for 650 ◦C. At this temperature we ob-
serve only very few NWs along with nanoleaves and rest of the substrate surface is
covered with 2-D nanostructures which were present at lower temperature as well.
Important thing to note here is that also the density of these 2-D nanostructures
is lower which is due to the higher growth temperature at which GaAs growth is
not favoured in our system. Optimizing the growth parameters, 580 ◦C is selected
as optimum temperature for high density NWs on SiO2 substrate. A study is also
performed to observe the dependence of NWs density on the catalyst thickness. It
is observed that increasing the amount of catalyst on SiO2 substrate, NWs density
increased.
In figure 7.2 we show representative SEM images of NWs synthesized on (100)
ox-GaAs substrates for growth temperatures of 510 ◦C, 540 ◦C, 600 ◦C and 650
◦C, respectively.
We observe the co-existence of NWs and nanoleaves, with the amount of the
latter higher than observed on SiO2. The nanoleave density increases with increas-
ing substrate temperature, and becomes predominant above 560 ◦C. Both kinds of
nanostructures appear to be somehow ordered on the substrate surface. Compared
with the NWs grown on SiO2, the NWs obtained on ox-GaAs seem to be shorter
and with irregular shape. Optimal growth temperature to maximize the amount
of wires compared with leaves on ox–GaAs is around 540 ◦C. Similarly to what
found on SiO2, at 650
◦C very rare nanostructures are found on ox-GaAs. We
would like to underline the fact that the growth of the nanowires and nanoleaves
is very reproducible in terms of shape, density, and size, under the same growth
conditions.
In figure 7.3 we show a SEM side view of the same sample shown in figure
95
7. Mn - catalyzed GaAs and InAs NWs
Figure 7.1: GaAs NWs grown on SiO2 at 510
◦C, 540 ◦C, 600 ◦C and 650 ◦C. 2-D
nanostructures covering the substrate surface at lower and higher limits of shown
temperature whereas high density GaAs NWs along with few 2-D nanoleaves at
temperature ranging between 540 ◦C and 600 ◦C.
Figure 7.2: GaAs NWs grown on GaAs (100) at 510 ◦C, 540 ◦C, 600 ◦C and
650 ◦C grown for 30′. An increasing nanoleaves density with increasing growth
temperature is observed and loss of both NWs and nanoleaves at 650 ◦C.
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Figure 7.3: A side view of figure 7.2 (540 ◦C).
7.2 at growth temperature of 540 ◦C. The surface in the plane of the image is a
[110] cleavage surface. The particular point of view favours the observation of the
nanowires, which generally have grown with preferential orientations. Many wires,
which can be as long as 20 µm, are clearly bent.
In figure 7.4 GaAs NWs grown on GaAs (110) substrate at 540 ◦C are shown.
The GaAs (110) surface was obtained by the cleaving the GaAs (100) commercial
wafer just before its introduction into the UHV system. Again as for GaAs (100)
substrates we observe ordered NWs along with nanoleaves.
NWs growth on GaAs epitaxial substrates has posed some difficulties. As
shown in figure 7.5, on GaAs (100) only rare, short and irregular 1-D nanostruc-
tures are found at low substrate temperature (540 ◦C) figure 7.5(a). By raising the
temperature, the nanostructures become even rarer (not shown). Similarly, nearly
complete absence of NWs is found on epitaxial GaAs (111)B figure 7.5(b).
An abundant yield of NWs can however be obtained on both epitaxial GaAs
(100) and (111) if, after the catalyst and before the GaAs deposition, the substrate
is exposed to a residual atmospheric pressure of 3 × 10−7 torr for 30′. Represen-
tative SEM images of the NWs obtained at Tg = 540 ◦C with this process on the
(100) and (111) sufaces are shown in figure 7.6(a) and (b), respectively. These
results suggest that the substrate surface plays an important role in the growth
and more specifically that the presence of oxides is determinant for the synthesis
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Figure 7.4: GaAs NWs grown on GaAs (110). Similar to the NWs grown on GaAs
(100).
Figure 7.5: GaAs NWs grown on epitaxially grown GaAs (100) and GaAs (111)B.
of Mn-catalyzed nanostructures by MBE.
7.2.3 X-ray photoemission spectroscopy (XPS)
In order to check the above mentioned hypothesis about the role of substrate
surface and oxides, to get insight about the origin of the differences in yield and
morphology observed for NWs grown on different substrates, we have investigated
by XPS the substrates surface before and after the deposition of the catalyst
layer, and after heating the substrate + catalyst system in the growth chamber at
different growth temperatures 540 ◦C, 580 ◦C, 600 ◦C, and 620 ◦C for 10′. Here we
will present the result obtained only for 540 ◦C since it is the temperature which
allows the growth of good quality NWs on both ox-GaAs and SiO2, but gives no
wires on epitaxial GaAs.
In figure 7.7 (a), (b) and (c) we show the photoemission intensity, recorded in
the binding energy region corresponding to Mn 3p and As 3d core–level emission,
as obtained on the clean substrates (bottom traces), after deposition of 1 nm of
Mn (middle traces) and after heating at 540 ◦C (top traces) for SiO2, ox-GaAs
and (001) GaAs, respectively. In case of SiO2 (figure 7.7(a)), the Mn 3p core-level
98
7.2. GaAs Nanowires
Figure 7.6: GaAs NWs grown on epitaxially grown GaAs (100) and GaAs (111)B
after leaving the substrate in introduction module.
Figure 7.7: XPS spectra recorded on the clean substrates (bottom traces), after
deposition of 1 nm of Mn (middle traces) and after heating at 540 ◦C (top traces)
for SiO2 (a), ox-GaAs (b) and (001) epitaxial GaAs (c).
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asymmetric line-shape of the as-deposited Mn layer is typical of a metal [142].
After heating, a high binding energy component in the Mn 3p core level emission
becomes evident, corresponding to partial oxidation of the metallic layer. Very
similar specta, with both a metallic and an oxide Mn 3p component were recorded
after heating at 580 ◦C, 600 ◦C and 620 ◦C (not shown).
Different behavior has been instead observed on ox-GaAs (figure 7.7(b)). The
photoelectron spectrum of the substrate surface before the deposition of the cat-
alyst is characterized by the features corresponding to As 3d core level in GaAs
(at 41.5 eV), and in the surface oxides compounds As2O3 and As2O5 (between 44
and 47 eV) [143]. The as-deposited Mn layer in figure 7.7 (b) displays a Mn 3p
emission overall shifted to higher binding energy, with a complex fine structure,
characteristic of Mn in oxidized state [144]. We note that the deposition of Mn also
involves the nearly complete disappearance of the emissions corresponding to the
As oxides, suggesting that Mn oxidation takes place by reduction of the As oxides.
By heating the substrate no substantial change can be detected in the Mn 3p line-
shape, while a further reduction of the emission intensity of As oxides is observed.
The same experiment performed on epitaxial GaAs (001) (figure 7.7 (c)) reveals
that the metallic Mn3p emission recorded on the as deposited Mn layer nearly
disappears by heating the substrate at 540 ◦C, pointing out a dramatic reduction
of the thickness of the Mn layer.
Different chemical reactions take place on the different substrates after deposit-
ing manganese and heating the system at the growth temperature before starting
the GaAs deposition. The metallic Mn layer deposited on SiO2 undergoes par-
tial oxidation. On the contrary, complete oxidation takes place on ox-GaAs, at
least within the detection limit of our XPS. The absence of oxygen on the epi-
taxial GaAs surface prevents the formation of Mn oxides and, when the substrate
is heated, Mn is desorbed from the GaAs surface or possibly diffuses inwards the
GaAs substrate.
The abundant yield of good quality NWs obtained on SiO2 corresponds to
the presence of both metallic and oxidized Mn. The higher density of nanoleaves
observed on ox-GaAs seems to be related to the nearly complete oxidation of Mn,
that takes place on that substrates already at room temperature. On the other
hand, the absence of nanostructure observed on epitaxial GaAs can be ascribed to
the nearly complete absence of Mn on the substrate at growth temperature.
7.2.4 Transmission electron microscopy (TEM)
Figure 7.8 shows a representative HR-TEM micrograph of the end section of one
GaAs NW. This particular wire was grown on SiO2. The image represents a large
majority of the wires in the terms described below. The structure of the nanowire
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Figure 7.8: HR-TEM image taken at the top of a representative nanowire showing
the structure of the body and of the tip of the nanowire. The wire shown in the
image has been grown on SiO2. The insets are the FFT obtained from the marked
relevant regions of the nanowire. The FFT from the body indicates a wurzite
polytype of GaAs in the 〈0001〉 zone axis whereas the FFT from the crystalline
region of the tip is due to a α – Mn phase, seen out of precise zone axis.
is revealed by HR-TEM together with the relevant FFT (bottom-right part of
figure 7.8), which demonstrates that the nanowire body is GaAs with wurzite
structure and [0001] growth axis, as also observed in our as well as in other Au-
catalyzed III-V NWs [2, 145]. A small fraction of wires, characterized by a large
number of stacking faults, also shows the presence of the zinc blende polytype
of GaAs. It is worth pointing out that the nanostructures that we have called
nanoleaves individually present both wurtzite and zinc blende lattice types and
are characterized by a large number of defects. The nanoleaves terminate with a
tip of similar size and the same composition (α - Mn) of those found on top of the
1-D nanowires. The wires showing a high density of defects might be a kind of
transition structure between the high-quality one-dimensional wires and the two
dimensional nanoleaves.
The wurtzite lattice then appears as a signature of the one–dimensional growth
of GaAs. The TEM images also show that an amorphous region surrounds the
nanowires, most probably oxidized GaAs. We observe that the Mn-catalyzed wires
have a thicker oxide layer (about 4 nm) than the Au catalyzed wires (about 1 nm,
not shown). Within the tip, above the end of the wurzite structure, there is a
crystalline region seen out of precise zone axis, surrounded by a large region with
amorphous phase contrast, due to post growth oxidation of the sidewalls of the
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NWs figure 3.2. The HR-TEM experiments show that there is not a fixed crys-
tallographic relationship between the body of the wire and the tip. The analysis
of the FFT (bottom left part of figure 7.8) from the HR-TEM images of the tips
reveals spacings of 0.62 and 0.36 nm which indicate the presence of an α–Mn phase
and rule out the presence of a GaAs polytype, α – MnAs, β – MnAs, and all known
MnGa alloys.
7.2.5 Transport measurements
The nanowires have been characterized by basic electric transport measurements.
NWs were mechanically transferred onto a p+–Si substrate with a 120 nm thick
SiO2 surface layer and subsequently contacted by interdigitated Ti/Al electrodes
fabricated by X-ray lithography and/or electron beam lithography. The wires have
been shortly etched in buffered hydrofluoric acid (HF) to remove the oxide prior
to contacting them. Measurements of source-drain current (I) vs gate voltage
(Vg) have been performed using the p+–Si wafer as a back gate. The current
flows through a set of about 10 nanowires, contacted in parallel with random
procedure. For the sake of comparison we report the results obtained on nominally
undoped Mn-catalyzed NWs together with those obtained on nominally undoped
Au-catalyzed wires. Figure 7.9 shows a representative I(Vg) trace for a source
drain voltage (Vsd ) +1 V at 77 K. The curve crossing the squares indicates the
data relative to Mn-catalyzed wires while the curve crossing the dots represents
the results obtained on Au–catalyzed wires. This Vg - dependence demonstrates
that nominally undoped GaAs NWs catalyzed by Mn are p-type. On the contrary,
GaAs NWs, grown in the very same conditions, but with the use of Au as the
catalyst, resulted in n-type behavior.
Since Mn in GaAs behaves as an acceptor, the transport measurements provide
support to the contention that Mn diffuses into the wires. Achievement of p–type
doping, as expected for Mn-doped GaAs, is important because the presence of free
holes is a necessary condition for the spin-exchange interaction among magnetic
ions and holes that gives rise to ferromagnetism in GaAs:Mn [130]. We wish
to notice that a quantitative comparison among the wires grown with different
catalyst is not possible: indeed, to obtain carrier concentration and mobility a
measurement on single NWs of known diameter would be needed. Work in this
direction is in progress.
7.2.6 Photoluminescence (PL)
The measurements have been performed on both as-grown samples as well as
on NWs transferred onto a different substrate. The transfer of the wires on a
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Figure 7.9: Field–effect current vs gate voltage (Vg) at 77 K for a positive bias of
the source-drain voltage (Vsd ) 1 V. The curve crossing the squares indicates the
data relative to Mn–catalyzed wires while the curve through the dots represents
the results obtained on Au–catalyzed wires.
different support has been made with the intent of getting rid of any possible
signal coming from bulk GaAs that might have grown between the wires. For each
case, different PL spectra, differing for the excitation intensity, are shown. Since
nanowires and nanoleaves are actually three-dimensional objects with one or two
dimensions having a size smaller than the penetration depth of the light. It is
impossible to give an effective excitation density. For this reason we only give the
absolute laser power used for the measurements as reference.
Figure 7.10 shows representative luminescence spectra taken at 10 K obtained
from as-grown NWs fabricated at 580 ◦C on SiO2 (figure 7.10(a)) and from wires
transferred from the same sample onto a Si wafer used as support (figure 7.10(b)).
The large dashed line of figure 7.10(a) shows the PL of the as-grown sample at
the lowest excitation power used. It only fairly resembles the luminescence of epi-
taxial GaAs, and is composed by a main peak at 1.522 eV and a number of further,
weaker peaks located at lower energies and superimposed on a broad background.
A similar spectrum is also obtained from transferred wires (dashed/dotted line
of figure 7.10(b)), which also shows a main peak at 1.521 eV, slightly red-shifted
with respect to the as-grown wires, probably because of heating (see below), while
the band at lower energies is composed by a lower number of peaks and appears
narrower. We notice that in the low-excitation conditions the main peak is quite
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Figure 7.10: (a) Normalized photoluminescence at 10 K of NWs grown on SiO2 at
580 ◦C. The measurements have been performed on the as-grown sample. The dif-
ferent curves correspond to different excitation intensities. The relative intensities
are given in the legend, together with the amplification factor. The relative inten-
sity of the low-energy emission decreases as the excitation intensity increases. (b)
The same as in (a) but on NWs mechanically transferred on a different support.
The energy of the luminescence downshifts for increasing excitation intensity.
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narrow, about 7 meV. The measurements on the transferred wires have been per-
formed with a more intense excitation in order to obtain a sizeable signal. In
both cases, with increasing excitation intensity, the relative weight of the low en-
ergy side of the luminescence spectra decreases and the high-energy peak becomes
more dominant.
In the case of the transferred wires, a red shift and a broadening of the main
peak is observed, which are probably due to heating of the wires under the stronger
excitation density, also because of the possible lower thermal contact between the
NWs and the support. As reported in [119], the use of SiO2 or GaAs substrates
leads to different results in the fabrication of Mn catalyzed nanostructures. The
upper part of figure 7.11 shows a luminescence spectrum (figure 7.11(a)) obtained
from NWs as grown on SiO2 at 620
◦C together with the image acquired with a
scanning electron microscope (SEM) of the corresponding sample (figure 7.11(b)).
The lower part of figure 7.11 shows the PL (figure 7.11(c)) and the SEM image
(figure 7.11(d)) of a sample grown in the same run, but on a GaAs substrate.
The luminescence spectra of the two samples, obtained with the same excitation
intensity, are very similar despite the relevant differences in size and shape of the
nanostructures. In particular, the high energy peak at 1.521/1.522 eV is present
in both cases and dominates the spectra. The different relative intensities of the
peak at 1.522 eV with respect to the bands centered at about 1.49 and 1.45 eV,
respectively, might be due to a different effective excitation intensity of the nanos-
tructures under illumination in the two cases.
Figure 7.12 shows the PL spectra at different temperatures of the sample ex-
amined in figure 7.10. With increasing temperature, first the low energy peaks
are no longer resolved, then the luminescence shifts towards lower energies and
weakens. The energy of the main peak is still above 1.519 eV at 30 K and is 1.490
eV at the highest temperature used for the measurements, 150 K. The energy shift
with the temperature is as that of bulk GaAs.
Photoluminescence of GaAs NWs has been reported in a limited number of pa-
pers [19, 72, 146, 147, 148]. In their pioneering work, Himura and co-workers [149]
reported free- and bound-exciton recombination, in NWs grown by metalorganic
vapour phase epitaxy, with a small shift (0.5 meV) with respect to bulk GaAs at-
tributed to quantum confinement. Small confinement energies are also suggested
by Khorenko and co-workers [147].
Larger confinement energies have instead been observed in GaAs NWs grown
by a laser-assisted catalytic method [19] and in GaAs NWs grown by catalyst-free,
selective-area metal organic vapour phase epitaxy [72]. In this latter case, however,
the authors need to justify the 30 meV blue shift, with a reduced effective size of
the wires with respect to the real size, due to surface depletion from the sidewalls.
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Figure 7.11: Photoluminescence (PL) and scanning electron microscopy (SEM)
images of nanostructures grown on different substrates at 620 ◦C. (a) PL of the
nanowires shown in (b), grown on SiO2. (c) PL of the nanostructures, mainly
nanoleaves, obtained on GaAs the SEM image of the sample is shown in (d).
Figure 7.12: Luminescence at different temperatures of the same sample used for
figure 7.10.
106
7.2. GaAs Nanowires
On the other hand, Sko¨ld et. al. simply observe a near-bandgap emission without
reporting any energy shift [72].
A relevant aspect of the III-As NWs is their lattice structure, which is often
of wurtzite type [68, 119, 150, 149] while the lattice structure of the same com-
pound in bulk materials is zincblend. Very little is actually known about the
electronic properties of wurtzite III-As(P) semiconductors, in particular experi-
mentally, given the general difficulties to obtain them in bulk phase [99]. Mattila
et. al. have reported the observation of luminescence from wurtzite InP NWs [68].
We emphasize that the peak located at 1.522 eV is observed always at the same
energy in all samples, irrespective of the size and shape of the nanostructures
and of the substrate and growth temperature. The observation of very similar
PL spectra from the NWs obtained on SiO2 as well as from the nanostructures,
mainly 2-D nanoleaves, obtained on GaAs suggests that no blue shift due to carrier
confinement is responsible for the emission at 1.522 eV. Nanoleaves are indeed
definitely too large to give rise to quantum effects.
Compressive strain of a direct-gap semiconductor enlarges its bandgap. How-
ever, microns-long NW should be fully relaxed since the critical thickness for strain
relaxation is much smaller [151] than the length of our nanowires and of the size of
our nanoleaves. Finally, if strain were the cause of the energy shift, the narrow PL
(7 meV) observed in all samples would imply the strain to be constant from wire to
wire, and from specimen to specimen, and independent of the growth temperature
(as the peak at 1.522 eV is observed for all growth temperatures) and of the aver-
age dimension of the nanostructures. Such a homogeneity appears unreasonable.
Other size-related effects can be ruled out on the grounds of the same arguments
used above. The peak at 1.522 eV is located about 7 meV above the free-exciton
recombination and about 3 meV above the bandgap of zincblend (ZB)-GaAs at low
temperatures [152]. We suggest that the higher energy of the main peak observed
at 1.522 eV is due to the fact that the nanowires have a wurtzite lattice, as clearly
observed in transmission electron microscopy experiments [119].
Where known, the bandgap of a wurtzite semiconductor is indeed larger than
that of its corresponding ZB structure by a few percent [153]. If the peak at
1.522 eV were due to free-exciton recombination in wurtzite GaAs, the difference
would be one order of magnitude smaller than theoretically foreseen [153]. Notice
that experimental data on the electronic properties of wurtzite bulk GaAs are still
lacking [99]. The excitation-intensity-dependent measurements show that 1.522 eV
is the highest energy at which we observe PL, and that it remains the dominant
recombination (red-shifted) at high temperatures. Even if these features would
suggest a free-exciton recombination, we were unable to ascertain if the observed
recombination actually occurs at a free-exciton state or at some defect or impurity
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state with a high density of states. Mn, which diffuses into the wires during the
growth [119], could be a possible origin of bound states. If the recombination
at 1.522 eV would be related to a conduction band to neutral - Mn acceptor
transition (in ZB-GaAs Mn has a binding energy of 110 meV and gives rise to a
sizeable luminescence [154] then the wurtzite bandgap of GaAs would be about
1.63 eV at 10 K, in good agreement with the differences estimated by the theory.
Only limited information can be gained by the number and energy position of
the other peaks. They are reproducible in different regions of individual samples
and several peaks are observed at the same energy in different samples. Their
intensity relative to the main peak at 1.522 eV decreases with increasing excitation
intensity so that the peaks eventually merge into a broad tail. The same peaks
also merge in a broad band as the temperature is increased, and the whole broad
band becomes less important as T further increases. All such features suggest that
the low-energy peaks, and the low-energy band in general, should be ascribed to
defect (or impurity) related levels. The microscopic analysis of the wires and of
the nanoleaves has pointed out the presence of defects, especially in the nanoleaves
[119]. Recently, a similar multi peaked luminescence has been observed in CdSe
NWs in the presence of structural defects [155]. Radiative recombination in ZB-
GaAs present in the nanostructures, seldom in the NWs and more frequently in
the nanoleaves [119] would be embedded in this multiple-peak band. Spatially
resolved luminescence on single wires will be necessary to obtain more insight into
the peculiar luminescence of these wires.
7.3 InAs NWs
7.3.1 Growth
As in case of Au- catalyzed NWs, Mn-catalyzed InAs NWs were also grown. Dif-
ferent substrates were used, (SiO2, ox-GaAs (100) ox-GaAs (111)B), and catalyst
thickness and growth temperature were optimized. As in case of Au-catalyzed
NW, Mn-catalyzed InAs NWs were obtained in a narrow range of growth temper-
atures, between 370 ◦C and 430 ◦C. The growth was carried out for 30′ and 60′.
InAs NWs were grown with an equivalent two dimensional growth rate of 0.26 or
0.6 µm/h with a V/III BEPR of about 20.
7.3.2 Scanning electron microscopy (SEM)
High density InAs NWs were obtained between 370 ◦C – 390 ◦C . Above or below
this range, the density of NWs reduces and the substrate surfaces were mainly
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Figure 7.13: InAs NWs grown on SiO2 (a), ox-GaAs (100) (b) and ox-GaAs (111)B
(c).
covered with 3-D nanostructures, which we termed as ”magma”. In figure 7.13
the SEM images of InAs NWs grown using 2 nm thick Mn film as catalyst at 390
◦C are shown. These NWs were grown for 60′ using equivalent 2-D growth rate
of 0.4 µm/h. All these samples are grown during the same growth and difference
in NWs density and morphology on different substrates can be seen. On all the
substrates NWs are randomly distributed. As shown in figure 7.13 (a) InAs NWs
on SiO2 substrate shows a marginally higher density in comparison to GaAs (100)
and GaAs (111)B, figure 7.13 (b) and (c). This difference in the NWs density can
be related to the catalyst substrate interaction as described in section 7.2.3 for Mn
catalyzed GaAs NWs.
NWs growth on all the substrates are clearly divided into two families. Thinner,
long NWs are around 20 µm long with section diameter in the range of 15 – 35
nm. Thicker NWs have average diameter 100 nm and average length around 2 –
5 µm. These NWs are taperd close to the tip. In figure 7.13 (b) and (c), NWs
samples grown on GaAs substrates, along with NWs 2-D nanostructures ”magma”
is also observed. The presence of these nanostructures cannot be over ruled for
SiO2 substrates but it is not observed in figure 7.13(a) because of the high density
of the grown NWs.
The morphology of InAs NWs grown on SiO2 is somewhat similar to those
of Au-catalyzed InAs NWs where as NWs grown on GaAs substrates are very
different. In some cases we also observe the two dimensional nanoleaves [156], as
for Mn catalyzed GaAs NWs [119].
7.3.3 Transmission electron microscopy (TEM)
A large number of InAs nanowires have been studied by high-resolution TEM
(HREM) and Z-contrast high angular annular dark field (HAADF). Figure 7.14
(a) shows a HREM image of a representative nanowire in the region close to the
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tip. A catalyst nanoparticle is clearly visible in the lower part of the image and has
a spherical shape with a diameter of 19 nm, while the wire body in its proximity
has a diameter of 12 nm. The InAs NWs are several µm long and generally have
a tapered shape: moving away from the end tip, the wire diameter increases. For
example, at about 2 µm from the tip, the diameter of the wire shown in figure
7.14 (a) is 36 nm. All the investigated wires have a NP at their free end. The
tips generally have the shape of a spherical section, with diameter varying between
10 and 22 nm, a few nm larger than the wire diameter measured at the NP/wire
interface.
Close to the tip, wire diameters vary between 7 and 18 nm. Another general
feature, visible in figure 7.14 (a), is the presence of a thin amorphous layer, 2 or 3
nm thick, surrounding the wire body. Figure 7.14 (b) shows a HAADF image of
the same wire reported in figure 7.14 (a). The image confirms the presence of a
superficial layer characterized by lower scattering power, which is consistent with
the presence of an amorphous covering. This amorphous region, also present in
GaAs NWs [119], is probably a thin oxide layer formed after the exposure of the
samples to air. Moreover, the intensity along the section diameter of the wire body
varies very smoothly, indicating a compositional homogeneity and the absence of
facets. Fast fourier transform (FFT) has been applied to HREM image reported
in figure 7.14 (a) to analyze the body of the wire and reported in the inset of the
same figure.
The diffractogram is consistent with an InAs wurtzite structure with lattice
spacing a = 0.427 nm, c = 0.702 nm, as reported in the literature [157]. The wire
is oriented along [2-1-11] zone axis and its growth direction is close to the [-2111]
direction. The hexagonal phase is the most common one found in the InAs NWs
(as in GaAs NWs), however NWs with zincblend (ZB) structure have also been
observed. It is worth pointing out that in WZ NWs large defect-free regions are
generally observed, while ZB NWs regions are characterized by a large number of
extended defects, stacking faults or twins. In the case of the tip shown in figure
7.14 (a), no lattice fringes have been observed, suggesting that its structure is
mainly amorphous. This is in agreement with the observed reduction of HAADF
intensity in the tip in figure 7.14(b). However, the analysis on other wires unveils
the presence of a small crystalline region embedded in an amorphous matrix. This
case is reported in figure 7.15 where the lattice fringes are clearly visible at the
center of the tip nanoparticle. The FFT performed in the dotted box is consistent
with cubic - Mn phase oriented along the [011] zone axis. This assignment is
in agreement with the previous results on Mn catalyzed GaAs NWs. The outer,
amorphous, region could be manganese oxide.
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Figure 7.14: Images from InAs NWs. (a) HREM image of a representative
nanowire (Fourier filtered). The wire shows a hexagonal structure, as indicated by
diffractogram reported in the inset. (b) HAADF image of the same wire reported
in (a).
Figure 7.15: HREM image of the tip of another InAs wire. In this case a crystalline
region inside the tip nanoparticle is observed.
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7.4 Mn incorporation in GaAs and InAs NWs
We performed extended X-ray absorption fine structure (EXAFS) measurements
to to get insight on the Mn incorporation in Mn-catalyzed GaAs and InAs NWs
and Au-catalyzed NWs doped with Mn. The EXAFS function is reported in figure
7.16 (a) whereas the corresponding fourier transform (FT) is shown in figure 7.16
(b). The FT exhibits two peaks (marked by arrows) that are related to Mn-O and
Mn-As (or possibly Mn-Mn, see below) coordination. No other peaks at higher
interatomic distance can be safely distinguished from the noise, which indicates
considerable local disorder.
Three local structures for Mn were considered in the quantitative data analysis:
(i) a substitutional site in zinc blende GaAs, as described in reference [158]; (ii)
a combination of the two slightly nonequivalent sites of the cation in the bixbyte
structure of Mn2O3; (iii) the local structure exhibited by metallic α-Mn. Theo-
retical signals relative to the Mn-As, Mn-O, and Mn-Mn atomic correlation for
these local structures were calculated by ab initio simulation with the FEFF 8.1
code [159] using muffin tin potentials and the Hedin-Lunqvist approximation for
the energy-dependent part. These theoretical signals were used in a nonlinear fit-
ting routine to extract the local structural parameters. Since the backscattering
functions of Mn are similar to those of As, two models were considered: one with
only Mn-O and Mn-As contributions (model 1), the other with only Mn-O and
Mn-Mn contributions (model 2). The best fit was obtained with the model 1 with
46± 7 % of the total amount of Mn atoms bonded to As and 54 ± 7% of Mn
atoms linked to O. The As-Mn bond length is RMnAs = 2.56 ± 0.02 A˚and with a
Debye-Waller factor σ2 = 50×10−4 A˚2. We note that the Mn-As bond length is
significantly stretched with respect to that observed in Mn substitutional in zinc
blende (ZB)-GaAs (2.50 A˚) [158]. The particular crystal structure of the NWs
(Wurtzite) cannot explain this value. The remainder of Mn is in an oxide phase
with bond length α MnO 2.08 ± 0.03 A˚. The coordination number for Mn-As
system is found to be about 3.
A similar value of about 2.5, was observed in MnAs-GaAs digital alloys an-
nealed at 550 ◦C [160] and interpreted as due to the formation of a precursor
phase for MnAs particles. Similar results on the Mn-As bond length are reported
on (Ga Mn)As alloys annealed at 600 ◦C [161]. It can be derived that the higher
growth temperature used in the preparation of the our samples, compared to that
used for digital alloys presented in [158], could be responsible for the formation of
the MnAs-like phase. The low value of the coordination number (about 3 instead
of 6) suggests that, rather than creating extended crystals of the hexagonal phase,
Mn forms small precursors of this structure. Eventually, we point out that the
noticeable level of structural disorder prevents the observation of the higher co-
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Figure 7.16: (a) Experimental EXAFS data (line) with the best fitting curve
(dots). (b) Fourier transform of the data in (a): experimental data (line) and best
fit (dots). The FT was performed in the range k 3.6 – 12 A˚−1 using a Hanning
window and a k2 weight. The R scale has no phase correction, so that all the
peaks appear shifted by approximately 0.3 A˚. The arrows indicate the peaks due
to the Mn-O (left) and Mn-As (right) bonds.
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ordination shells in contrast to what previously observed in ZB-GaAs [158]. The
presence of a few percent of the total Mn in the α - phase, present at the top of the
wires as seen by TEM, could be below the sensitivity of the EXAFS technique. We
point out that wire oxidation, observed with both TEM and EXAFS, takes place
after the nanowire growth, which occurs in ultrahigh vacuum in all its steps. This
observation may be a hint of the presence of Mn in the wires and in particular in
the sidewalls, since Mn has a high tendency to become oxidized, as also clear from
the oxide present on the α-Mn tip of the wires.
A different situation is found when we investigate the Mn-site in InAs wires.
Here the environment is more ordered and a clearer evidence of formation of ex-
tended hexagonal MnAs islands is inferred by the higher quality of the EXAFS
oscillations and by the fitting that is able to explain the first three shells. There are
two main differences between the GaAs and the InAs NWs. The first one is simply
related to the lattice parameter that is larger in the second material by about 7%,
the second one is the much lower growth temperature needed to obtain the InAs
NWs. Mn doped Au catalyzed NWs shows similar results. The defective incor-
poration of Mn is more likely due to the higher growth temperatures compared
to the lower growth temperature of δ–doped Mn:GaAs which shows substitutional
incorporation of Mn [158]. An important attempt will be the attainment of the
NW growth at low temperatures to favor Mn incorporation on substitutional sites.
7.5 Conclusion
We have demonstrated long GaAs nanowires can be obtained by MBE both on SiO2
and on GaAs using Mn as the growth catalyst. EXAFS data as well as transport
measurements indicate the incorporation of Mn in GaAs NWs, presumably through
diffusion, although metallic α – Mn particles have been observed at the NW free
end by TEM, consistent with the VLS growth model of catalyst assisted NW
growth. It remains unclear whether Mn is incorporated only as a dilute impurity
in GaAs or it also forms MnAs clusters. TEM has also shown that high-quality
wires have a wurtzite lattice structure, which is a signature of 1-D growth. 2-D
nanostructures, nanoleaves, show the presence of both wurtzite and zinc blende
lattice structures.
The results presented here may open a way toward exploiting catalysts other
than the usual metals used, such as Au and Ag, and also Cu and Fe. Moreover our
results suggest that it is possible to choose the growth catalyst in a way to modify
the electronic properties of the nanowires of interest. The photoluminescence of
Mn-catalyzed GaAs nanowires, and nanoleaves shows relevant differences as com-
pared to that of bulk GaAs with zincblend structure. We suggest that the e-h
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recombination giving rise to the peak observed at 1.522 eV at low temperatures
originates in the wurtzite phase of GaAs present in the nanostructures. The type
of recombination that gives rise to that luminescence remains to be identified with
certainty. If the relevant recombination involves a Mn acceptor state, as is possible
considering that Mn greatly diffuses into the nanostructures during the growth, a
good quantitative agreement with theoretical calculations would exist.
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Chapter 8
Self catalyzed GaAs and InAs
nanowires
8.1 Introduction
In VLS growth, the reported incorporation of metal catalyst in the NW [64, 63],
raises concerns over the possible electronic and structural disorder associated with
the addition of impurities in semiconducting NWs. For this reason a great effort
is presently spent on the catalyst - free growth of NWs. Self catalyzed one di-
mensional ’wire like’ crystal growth (with the width of the order of microns) is
reported back in 60’s by [75, 76] where Barns and co-workers used Ga to grow
GaAs whiskers via VLS while Arthur and co-worker achieved GaAs whiskers due
to an accidental scratch on the substrate surface. Later on in mid 90’s [73, 74],
growth of one dimensional nano scale GaAs wires on porous Si were reported using
MBE. No Ga was deposited prior to the growth and the NWs had no metallic tip.
Hence the authors believe the NWs were grown not following the VLS. Though
the average diameter of the wires obtained was around 150 nm with lengths of the
order of few microns, the morphology of the wires were highly non-uniform.
Recent reports show much improved uniformity in the morphology and the
density of NWs obtained without any use of metal catalyst. This has given a new
dimension to the NWs research. Catalyst free growth of InAs and In(As)P was
reported by [67, 71] and that of GaAs by [69, 77, 162]. Fontcuberta and co-workers
make use of thick SiO2 layer deposited on GaAs wafer and subsequently etched
in HF prior to the growth. Growth NWs were believed to grow following VLS
[163] since all NWs have Ga particle at the free end. NWs showed wurtzite crystal
structure, same is reported for In(As)P NWs by [71]. In this chapter we repost
the results obtained by growing GaAs (and InAs) NWs with out using any other
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material than Ga(In) and As. Part of these results have been published [164].
8.2 GaAs nanowires
8.2.1 Growth
The GaAs nanowires have been grown on several substrates: GaAs (100), GaAs
(111) and GaAs (110) (cleaved side of GaAs (100)) and cleaved facets of Si (100)
wafers. Both Si and GaAs (100) wafers have been cleaved just before their intro-
duction into the MBE system. Two growth methods have been used. The first one
made use of Ga pre-deposition on the substrate in the absence of As overpressure.
It is well known that under these conditions Ga forms nanoparticles on the sub-
strate surface. With the substrate at the growth temperature (Tg = 580 ◦C – 620
◦C) the Ga flux has been taken for 3 or 6 s impinging on the substrate, keeping the
As shutter closed. The deposition times correspond to a nominal number of atoms
impinged on the substrate of 1.57 × 1015 and 3.13 × 1015 atoms cm−2, 2.5 ML
and 5 ML, respectively. After this time the As shutter has been opened and the
NW growth started. In the second procedure, we simply started the NW growth
without any Ga pre-deposition.
For all samples, an As4/Ga beam equivalent- pressure ratio of 15 has been
used. The wires have been grown for 5′, 15′, 30′ and 60′ min. The sample growth
was terminated in two different ways: keeping the As shutter open on the samples
during its cooling and by simultaneously closing both Ga and As shutters at the
end of the growth and leaving the sample cooling without As overpressure. Also
in this case, the differences among the two procedures did not affect the results.
The SEM images and EDX spectra have been taken on as-grown samples without
any manipulation. For TEM experiments, the wires were mechanically transferred
from the original substrate onto a carbon-coated copper mesh with the soft-contact
method described above for catalyst assisted samples.
8.2.2 Scanning electron microscopy (SEM)
In figure 8.1 Ga - catalysed GaAs grown on GaAs (100) and GaAs (111) are shown.
This growth was carried out for 30′. Growth on SiO2 substrate gave similar results.
In figure 8.2 (a) the results obtained on GaAs (110) and Si (110) cleaved surface
are shown. This growth was carried out for 15′ and 1 nm Ga was deposited right
before the start of GaAs. On GaAs (110) we observe only worm-like nanostructures
that do not rise, with clearly a droples at one end. On Si substrate, figure 8.2 (b),
the facets are clearly evident and a we can observe the presence of NWs.
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Figure 8.1: SEM images of Ga - catalyzed GaAs nanostructures grown on GaAs
(100) and GaAs (111). 2-D magma obtained with Ga pre-deposition on GaAs
(100) (a) , and similar structures on GaAs (111) (b).
After repeating the experiment without Ga pre-deposition on all the substrates
we come to conclusion that NWs grew only on cleaved Si, hence we concentrate on
this substrate to optimize the growth parameters for better control over the NWs
morphology as well as reproducibility.
From here onwards all the presented work is carried out on cleaved Si substrate.
In figure 8.3 self - catalyzed growth of GaAs NWs on Si cleaved surface is shown.
The growth was carried out for 10′ at 600 ◦C and again we observe for this short
growth duration two types of NWs. In figure 8.3 (a) we can see long NWs and
very short as well while on some other region of the substrate we observe a large
density of NWs as shown in figure 8.3 (b). Longer NWs are around 2 µm in length
whereas shorter are around 300 – 500 nm, as can be seen in figure 8.3 (a). NWs in
high density region are again showing same length spread and in both case average
diameter varies between 60 – 120 nm.
The nanowires obtained after 30′ of growth are shown in figure 8.4. Figures 8.4
(a) and (b) show the nanowires obtained using Ga pre-deposition. The first type
of wires (figure 8.4 (a)) are 5 – 6 µm long, with a section diameter of the order of
100 nm, and clearly show a droplet-like termination at their tip (see the detail in
the inset of figure 8.4 (a)). The Ga droplet has the same diameter of the wire, as is
also the case with Au catalyzed wires grown under the same conditions [49]. The
wires of the second type (figure 8.4 (b)) are definitely shorter (1 – 2 µm), have a
section diameter of the same order (100 nm), although they are slightly wider on
the average, but do not show any droplet-like termination (inset of figure 8.4 (b)).
The two types of nanowires are generally found in different parts of the surface
used for the growth although they can sometimes be found in the same region.
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Figure 8.2: SEM images of Ga-catalyzed GaAs nanostructures grown on GaAs
(110) and cleaved Si substrates. (a) Nanostructures obtained with Ga pre-
deposition on GaAs (110) substrates shows that no NWs were obtained on this
substrate surface only ”worm-like” structures clearly having a droplet at their end.
(b) Long NWs on cleaved Si with droplet like tip at the free ends and shorter NWs
apparently with out droplet.
Figure 8.3: SEM images of self-catalyzed GaAs nanostructures grown on cleaved
Si for 15′ growth duration. (a) Regions on the substrate with low density of NWs
but clearly both types of NWs are present. (b) Some facets with higher NWs
density and long NWs for short growth duration
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Figure 8.4: SEM images of self-catalyzed GaAs nanowires. (a) Nanowires obtained
with Ga pre-deposition showing a clear metallic droplet on their tip. The inset
(scale bar 200 nm) shows the details of the final end of a few of them. (b) Nanowires
obtained with Ga pre-deposition showing no metallic droplet on the top. A detail
of this kind of wire is shown in the inset (scale bar 100 nm). Wires shown in (a)
and (b) come from the same growth but from different parts of the same sample.
(c) and (d) The same as in (a) and (b), respectively, but in this case the growth
has been performed without Ga pre-deposition. The insets shows details of the
wires obtained (scale bars: 200 nm for the inset in (c) and 100 nm for the inset
in (d)). (e) Image (sample tilted by 45◦ with respect to the previous ones) of a
region of a sample obtained with pre-deposition, where both kinds of nanowires
are present. The areas where both types of NWs are found are much less frequent
than those where only one type of NW is seen.
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Figure 8.5: SEM images of self-catalyzed GaAs nanostructures grown on cleaved
Si for 60′ growth duration. (a) Regions on the substrate with lower density and
only NWs with crystalline tips. (b) Region with higher density and long NWs
along with shorter.
Figure 8.4 (c) and (d) show that similar nanowires have been obtained using
no Ga pre-deposition for the growth. Figure 8.4 (c) shows a sample region with a
very high density of well-aligned nanowires that are 3.5 – 5 µm long with section
diameters varying in the 60 – 100 nm range and all have a droplet-like termination.
In other regions of the substrate, shorter (1 – 1.5 µm long) and, on average, broader
(60 – 170 nm) wires have been found that do not have any droplet-like free ends.
In the insets of figure 8.4 (c) and (d) details of the final end of the wires are shown.
Finally, in figure 8.4 (e) we show a region of a sample where both kinds of wires
are present.
In figure 8.5 NWs grown for 60′ are shown. Again as for the previous cases
we observe two different regions with differences in NWs density and morphology.
Figure 8.5 (a) show the region of low density of NWs with average length of 1 µm
and diameter in the range of 60 – 200 nm. We observe a little difference compared
to previous cases in the region where we have higher density and longer NWs. As
shown in figure 8.5 (b) here we have both types of NWs longer with tip and shorter
with crystalline tip. Important difference compared to previously described NWs
of this type is, here these NWs appears branched.
8.2.3 Energy X-ray dispersive spectroscopy (EDX)
In order to determine the chemical composition of the nanowires and of their ter-
mination EDX has been performed using the SEM electron beam operating at 5
keV. Monte Carlo simulations [165] indicate that the X-ray generation volume at
this energy would be almost completely contained inside a 100 nm thick nanowire.
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Figure 8.6: (a) SEM image of a wire terminating with a droplet. The red (lower)
and blue (upper) squares indicate the regions where the EDX spectra shown in (b)
and (c) have been acquired, respectively. The results show that the tip is made
of Ga, while the wire is GaAs. (d) SEM image of a wire without a droplet on its
end. Again, the red (lower) and blue (upper) squares indicate the regions where
the EDX spectra shown in (e) and (f) have been acquired, respectively. In this
case the tip and body of the wire are both made of GaAs. The wires used for
this figure have been grown with Ga pre-deposition. The results then show that
the NW body is composed by GaAs, while the tip is made of an almost pure Ga
droplet.
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Figure 8.6(a) shows an SEM image of a nanowire presenting a droplet-like termi-
nation. This particular wire has been grown with Ga pre-deposition and cooling
in As flux. The framed regions drawn on the NW image indicate the areas used
to make the EDX spectra that are reported in figure 8.6 (b) and (c). Figure 8.6
(b) shows the EDX spectrum taken in the body of the NW. The spectrum is com-
posed of two main peaks that correspond to Ga and As, respectively. A similar
spectrum taken at the tip area shows instead only a signal from Ga, while the As
contribution is negligible.
A similar analysis has been made on the other kind of nanowires (the SEM
image is reported in figure 8.6(d) and the EDX spectra, taken in the framed areas
also identified by the arrows, are reported in figures 8.6(e) and (f)). The two
spectra are very similar and show that the free end of the nanowires is made of
GaAs with the same stoichiometry of the nanowire body.
8.2.4 Transmission electron microscopy (TEM)
A deeper insight about the lattice characteristics of the wires has been obtained
by transmission electron microscopy. Figure 8.7 (a) shows an HR-TEM image of
a representative wire of the first type, that is having a clear Ga droplet at its
tip. The blue (upper) and red (lower) squares indicate the regions where the FFT
analysis has been performed in the droplet (figure 8.7 (b)) and in the wire body
(figure 8.7 (c)), respectively. The FFT indicates that the Ga NP is amorphous.
Stronger evidence of the amorphous character of the tip has been obtained by
selected-area diffraction pattern analysis confirming that no crystalline structure
is present.
The FFT indicates that the lattice structure of the wire below the Ga droplet is
wurtzite, as often observed in III- V nanowires grown with the assistance of a metal
catalyst and, in particular, as has been observed in wires grown in our laboratory
with Au with very similar growth conditions [49]. The growth direction is [0001]
and this part of the NW is defectless. As the distance from the Ga tip increases
above 0.4 µm, lattice defects (figure 8.7(d)) appear whose density increases with
increasing distance from the Ga tip.
The defects are mainly twins or stacking faults that separate lattice regions
with wurtzite (WZ) and zincblend (ZB) phases. This feature is better described
by figure 8.8. Figure 8.8(a) shows a dark field image of the wire, showing that the
defect-free region below the tip extends up to 400 nm. Above this distance the
structure becomes more and more defected. Figures 8.8 (b)–(d) show HR-TEM
images taken at increasing distances from the tip, in the regions that are indicated
by the arrows linked to the low magnification image of part (a) of the figure.
An appropriate filtering of the Fourier periodicities of the hexagonal (blue) and
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Figure 8.7: (a) High resolution TEM image of the final part of a wire of the first
type. The figure has been obtained by combining two different HREM images of
contiguous parts of the nanowire. An amorphous Ga droplet is present on its free
end. The amorphous phase is pointed out by the FFT analysis shown in (b) that
has been performed in the area within the blue frame. The red frame indicates
the area of the wire body where the FFT analysis shown in (c) has been made.
The FFT indicates that the lattice of this region of the wire is wurtzite. (d) A
lower magnification dark-field image of the same wire indicating the appearance
of a defect region at about 0.4 µm from the tip. The diffraction contrast is due to
the twin boundaries.
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Figure 8.8: (a) Dark-field image (see text for details) of a wire with an amorphous
Ga nanoparticle on its final tip. The images (b), (c) and (d), making use of red
(cubic) and blue (hexagonal) regions, point out the presence of the two allotropic
phases of GaAs. The arrows indicate in which position along the wires the different
detailed images have been taken. The phase mapping has been obtained by Fourier
analysis of the HR-TEM periodicities.
cubic (red) regions permits us to highlight them with different colors [166]. The
noticeable result is that in the defected region the transition between hexagonal
and cubic structures occurs by a gradual substitution between the two structures,
the ZB becoming more and more present as the distance from the tip increases.
It is worth noticing that a controlled alternation of WZ and ZB regions on
the nanoscale could give rise to structurally originated ZB-GaAs quantum dots
embedded between the WZ-GaAs barriers. Wurtzite III-V semiconductors have
indeed a larger bandgap than their corresponding ZB counterparts [109]. As we
investigate the nanowire at further increasing distances from the tip (figure 8.9),
we observe that larger defectless parts of the nanowire with zincblend structure
appear, occasionally interrupted by twin boundaries. The brightness contrast al-
ternation in the cubic region occurs because the crystal switches from close to
the zone axis [-1,1,0] to close to the zone axis [1,-1,0]. The 180◦ rotation of the
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Figure 8.9: Dark-field image of a nanowire of the first type, far from the Ga
nanoparticle tip. The image shows a transition from a largely defected region to
zincblend defectless regions separated by rare twin boundaries. The twinning is
pointed out by the bright and dark stripes that correspond to different regions
with opposite orientations of the crystal. The intensity variation is due to the fact
that the dark field includes alternately the [1,1,-1] and the [0,0,2] having different
intensity investigation of several wires of both types and the results obtained are
again independent of the initial stage of the growth.
structure involved in the twin produces an approximate substitution of the (1,1,-1)
reflection with the (2,0,0) reflection which has a much lower intensity. Twinning
in semiconductor nanowires has already been observed in different systems [167].
Quite different is what is observed in the second type of wire, those that have
no Ga droplet on their tip. A HR-TEM image of a representative wire of this type
is shown in figure 8.10. Figure 8.10(a) is the result of the combination of images
taken from adjacent parts of the nanowires. Each colored square is associated
with the FFT diffractogram of the corresponding region (figures 8.10 (b)–(e)). As
already known from the EDX measurements, in this type of nanowire the free end
is made of GaAs. The tip of the wire, shown with a larger magnification in figure
8.10(f), has a pyramidal shape and its lattice structure is zincblend, as a result
of the FFT analysis. An in-depth analysis of the tip projected shape shows that
all pyramidal facets are of the {110} family (see figure 8.10(g)). The facet here
indexed as (1,1,0) has rhombic shape while the two remaining (one is the (1,0,1))
are symmetrical and elongated. The projections of these facets are also highlighted
by yellow lines in figure 8.10(f). This peculiar faceting produces the characteristic
elongated hexagonal section also visible in SEM images (insets of figure 8.4(d) and
figure 8.6(d)).
Going along the nanowire axis, right beneath the pyramidal tip we find a
wurtzite lattice structure that is about 20 nm long and that terminates with a
number of twins. Below this hexagonal region we find extended regions with
zincblend structure. As in the case of the other kind of wires far from the tip, sev-
eral twin boundaries are observed, separating defectless ZB regions with opposite
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Figure 8.10: (a) HR-TEM image of the topmost part of a nanowire with crystalline
GaAs tip. The image has been obtained by combining different HR-TEM images.
The FFTs of the image in the tip (b) and in the wire body ((c), (d), (e)) are
also shown. In particular the region corresponding to part (c) is hexagonal while
figures (b), (d) and (e) correspond to cubic regions with alternate orientation
due to twinning. Figure (f) shows a larger magnification of the final part of the
wire. The yellow lines are guides to the eye and help to identify the tip faceting.
The scheme shown in (g) gives an account of the different planes and orientations
identified in the image shown in (f).
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orientations, each several tens of nanometers long. The growth directions of the
ZB regions of the wire are of the {111} family. The small WZ insertion close to
the tip of the wires is common to many, but not all, wires of this type whereas in
others no WZ regions have been observed at all.
8.2.5 Discussion
To summarize, independently of the use of Ga pre-deposition or not, we obtain two
kinds of wires that are distinguished by the following differences: the NWs of the
first type are longer, have a Ga droplet on their top and show large regions with
wurtzite lattice structures. The NWs of the second type are shorter, end with a
pyramidal structure made of GaAs and their lattice is mainly zincblend with the
sole exception of a small wurtzite insertion right beneath the pyramidal tip that
is found in many, but not all, wires. The wires of this second type also have a
more pronounced lateral faceting and their lateral dimension is on average slightly
larger than for the wires with Ga NP on the top. Finally, the two types of wires
are generally found in different parts of the substrate.
8.2.5.1 Growth processes
The most striking morphological difference between the two types of nanowires
is the presence or the absence of a Ga nanoparticle at their tip. This difference
suggests the existence of two different growth mechanisms for these two kinds of
nanowires. We believe that the absence of the Ga droplet in the second type of
NWs cannot be due to its consumption during the growth or to its loss after the
growth. It is known that catalyst consumption may occur in the growth of catalyst
assisted NWs [168]. We expect that, in the presence of a similar behavior, we had
found wires without Ga NPs with a wide distribution of lengths and randomly
located on the substrate surface. This is not the case: as described above, the NP
less wires are found to have a narrow length distribution and are found homoge-
neously located in well-defined parts of the substrate surface. In the rare case the
two types of wires are found in the same region (see figure 8.4 (e)) two narrow
distributions of the NW length are found, being those with the NP on the top all
much longer than those without the NP: no NP – less wires are found with lengths
above 1.5 – 2 µm, while the Ga-terminated wires are all longer than 5 µm.
Moreover the diameter of the two types of NWs is of the same order and both
have a quite narrow width distribution, while NP particle consumption would
depend on the NP dimension, which dictates the NW diameter. Finally, we find
both types of wires also in samples grown for shorter times than that used for the
figures. Very short wires without NPs on their top have also been found after only
129
8. Self catalyzed GaAs and InAs nanowires
5 and 15 min growth. The observation of NP-free nanowires also for very short
growth times, suggests once more that the loss of the Ga NP cannot be the reason
for its absence on the top of the wires. Again in those cases the two types of wires
have been mostly found in different regions of the substrate. This is also true at
the different growth temperatures used in this work. All these differences found
between the two types of nanowires suggest that the two types of wires grow after
two different growth processes, only one of the two being assisted by Ga nano
droplets. The wires of the first type most probably grow after the VLS model.
Ga is indeed liquid at the growth temperature. Ga nano droplets also form in the
presence of As overpressure (growth without pre-deposition), probably favoured by
the surface roughness, obtained with the Si cleavage, that helps the NP trapping,
and by the sticking coefficient of Ga on Si, which is lower than on As-terminated
GaAs surfaces (indeed we do not observe wires but only worm like nanostructures
on cleaved GaAs surfaces placed adjacent to the Si ones).
More difficult is to understand which kind of mechanism could underlie the
growth of the wires of the second type. Again, roughness could play a crucial
role. The depletions present on the rough surface could act as a template where
the growth of wire-shaped GaAs starts to grow. The wires then maintain their
one-dimensional aspect also when they come out above the height of the seeding
location. The wires described in this work have been grown on surfaces obtained
by cleaving Si (100) wafers. The cleavages are made along the {110} planes that
are not easy-cleavage planes of Si. The result of the cleavages is a surface that
contains steps and different facets. A limit of our work is that we are not presently
able to understand which surfaces are those lying beneath the NWs.
In recent work Lugstein and co-workers [169] obtain GaAs nanowires grown
on the {112} facets of Si NWs. Although the authors do not make any precise
claim about the growth mechanism, they write that the GaAs NWs grow on GaAs
precipitates. On the grounds of our present knowledge, we cannot rule out also a
possible role of the thin surface oxide that forms over the time (a few minutes) that
elapsed between substrate cleavage and substrate mounting in the entry chamber
of the MBE machine. The oxide could play a role especially in the growth of the
wires of the second type: as described in section 1, the role of oxides has been
invoked in the catalyst free growth of other types of NWs [66, 67, 69, 71, 77]. Also
in the case of Lugstein’s work [169] the GaAs NWs grow on Si nanowires that have
been exposed to the air before being loaded into the III-V growth chamber.
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8.2.5.2 Lattice structure: discussion on existing models on wurtzite
formation
The TEM experiments have shown the presence of extended regions with wurtzite
lattice structure beneath the Ga droplet in the first type of wires, and the large
prevalence of zincblend in the second type, the nanowires without the Ga nanopar-
ticle, where WZ regions are seldom observed. The growth of III-V nanowires with
wurtzite phase has been related to the NW diameter: a large surface contribu-
tion to the formation energy of the NW makes the WZ phase more favourable
[150]. In InP the WZ phase is favored when the wire diameter is below 10 nm
[150]. Similar values have been found for GaAs [170]. The value of 10 nm is
one order of magnitude smaller than the typical diameter of wurtzite NWs as
found in the present and in other work. In a very recent paper [58], Glas and co-
workers have proposed a model that suggests that the formation of the WZ phase
in VLS-grown GaAs nanowires may be favoured for certain ranges of the relevant
interface energies when the nucleation of the semiconductor NW takes place at the
vapour-liquid-solid triple-phase line. The authors analyze in particular the case
of Au-catalyzed NWs but suggest that their model could also be valid for other
metal-semiconductor systems.
The two types of nanowires simultaneously obtained with our growth proce-
dures offer a test bench for the model proposed by Glas and co-workers. On one
hand, the differences found in the occurrence frequency of the WZ and ZB phases
in the two types of NWs seem to support the WZ formation model proposed by
Glas and co-workers: the presence of WZ phase is mostly associated with the pres-
ence of the Ga nanoparticle at the NW tip. We point out that Ga is liquid at
the growth temperature, a feature that makes the Ga-GaAs system of the type
analyzed in [58]. On the other hand, a wurtzite section, even if small, is observed
in many wires of the II type, indicating wurtzite formation also in the absence of a
triple-phase line. Although it does not falsify Glas’ model this observation suggests
that this model alone cannot explain the wurtzite formation in III-V nanowires.
On the other hand, in the works by Motohisa and co-workers [72] it is stated that
no WZ regions have been found in nanowires grown without catalyst on patterned
substrates, a finding that indirectly supports Glas’ model.
Hiruma and co-workers [2] have shown that in GaAs NWs grown by metal-
organic vapour phase epitaxy (MOVPE), the appearance of wurtzite or zincblend
phases depends on growth temperature and arsine/trimethylgallium flow ratio.
However, the temperature dependence was found to be not monotonic and no
investigation of the lattice structure as a function of the position along the NW
axis was reported. In that work the explanation of the wurtzite formation was
left open. In our case the V/III beam-equivalent pressure ratio is identical for
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the two types of wires. It is also difficult to think that a different temperature of
the growth front in the two types of wires could make the difference in the lattice
structure. The section diameter is similar in the two cases, being only slightly
larger on average for those of the second type. We do not expect differences in
the heat transport in the two types of nanowires for this reason. The wires of
the first type are longer, but no data exist about the temperature gradient along
a semiconductor nanowire that can suggest that the longer wires become colder
than the shorter ones. On the contrary, a theoretical paper [58] shows that the
temperature difference between bottom and top of a 100 nm wide NW (our case)
is negligible for wire lengths up to 25 µm.
It’s a common observation that the crystalline structure of GaAs NWs changes
from WZ to ZB in the vicinity of the interface of droplet and the wire [60]. Such
structural transition is believed to be caused by the lower saturation condition
below the droplet which occurs when the source flux is cut off [58]. Shtrikman
and co-workers has thoroughly studied the growth of ZB GaAs NWs under low
supersaturation conditions. They have shown that the stacking fault free ZB
NWs are possible by producing metal droplets of smaller sizes or reducing the Ga
flux entering the droplet by performing growth on highly terraced surfaces which
capture the Ga adatoms at the step sites, thus creating low saturation conditions
near the droplet. In both cases they observed ZB NWs. The low saturation allows
the wires nucleating as ZB, which is energetically favourable compared to the WZ
structure and thus results into ZB NWs instead of WZ. Thus they also suggest
that the one dimensional growth of GaAs in the absence of metal catalyst would
most likely be ZB as our results conclude.
Caroff and co-workers has reported WZ-ZB super lattice InAs NWs grown
through manual tuning of crystal structure by controlling the diameter and the
growth temperature [171]. They observed the crystalline structure dependence on
the diameter of the NW and their growth temperatures. Lower diameter region
(∼ 24 nm) is found to be WZ with very low stacking faults. Increase in the di-
ameter shows increase in the number of stacking faults. At diameters of about 84
nm, mixture of WZ and ZB structures are found. Further increase in the diameter
results in the complete transition to ZB structure. They also showed the reduction
in the stacking faults at lower temperatures even for NW diameter range 80 – 90
nm, which shows mixture of WZ and ZB structure at higher temperatures.
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8.3 InAs nanowires
8.3.1 Growth
As also described for GaAs NWs the growth of InAs NWs was carried out on Si
and different substrates but only on cleaved Si (110) nanostructures were observed.
We performed the growth with or without In pre-deposition. In the former case a
1 nm thick In film was deposited on the substrate right before the start of InAs
growth, similarly to what is done with the Ga pre-deposition procedure. NWs
were grown for 15′, 30′ and 60′ with V/III BEPR between 5 – 10 and correspond-
ing 2-D growth rate about 0.6 µm/h. Growth was performed at different growth
temperatures in the range between 380 ◦C – 450 ◦C.
8.3.2 Scanning electron microscopy (SEM)
Figure 8.11: SEM image of self-catalyzed InAs NWs grown at 400 ◦C. NWs for 30′
growth duration without In pre deposition. Two types of NWs were observed and
their tips are shown in the inset. (a) Nanowires obtained without In pre-deposition
showing a clear droplet on their top. The inset shows the detail on the final end of
one of this type of NW. (b) Nanowires obtained without In pre-deposition showing
droplet at the tip. A detail of this kind of wire is shown in the inset. Wires shown
in (a) and (b) come from the same growth but from different parts of the same
sample.
The InAs NWs were observed by SEM: a representative image of the NW yield
is shown in figure 8.11. These InAs NWs were divided into two types as in case of
GaAs NWs. Type 1 NWs had faceted tip and show facets when looking at higher
magnification. Type 2 NWs had a roughly spherical particle at the tip and their
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body also seems to have hexagonal form. Both types of NWs were present for the
samples grown for 30′ and 60′ irrespective of the growth being carried out with or
without In pre-deposition where as on the sample grown for 15′ we observe only
type 1 NWs. The two types of wires are located mainly in two different parts
of the substrates: Type 1 NWs cover most of the substrate surface, while type 2
NWs are mostly observed along the edges of substrate surface. This is different
from the case of GaAs where both types of NWs were observed over the extended
regions as can be seen in figure 8.4 of section 8.2.2.
The evolution of the NWs distribution and their morphology is studied by
growing sample for different growth durations. The distribution of diameter and
length of NWs for different growth durations is shown in figure 8.13. For 15′
growth duration, the grown NWs have a diameter of 45 nm (figure 8.13) and their
average length is around 250 nm. In this sample we observe only type 1 NWs
mainly present on the substrate surface. Increasing the growth duration to 30′,
morphology and density of grown NWs were changed. The density of the NWs is
increased and type 2 NWs are also observed along the edges. The average diameter
and length of the NWs are also increased but the two kind of NWs display different
average length, as can be seen in figure 8.11. NWs grown on the edges are longer
than those found on the substrate surface. These long NWs show an average length
of more than 1 µm and their diameter varies around 100 nm. InAs NWs grown
for 60′ show a similar spread of the NWs distribution but their morphology shows
further change with respect to the NWs grown for 30′. In this case we also observe
both types of NWs with different morphologies at different substrate regions. Type
1 NWs have around 50 nm diameters with average length of 1.5 – 2 µm whereas
type 2 NWs show an average diameter of 100 nm and their length varies between
3 – 5 µm. An important difference with respect to GaAs NWs is the shape of the
tip of the type 2 NWs.
8.3.3 Energy X-ray dispersive spectroscopy (EDX)
Self catalyzed InAs NWs were characterized by EDX for their chemical composi-
tion information and the results of these measurements are shown in figure 8.10.
EDX has been performed using SEM electron beam operating at 10 KeV. These
measurements are performed on as grown sample: no post growth manipulation of
the NWs has been done. In figure 8.12(a) SEM of type 2 NWs with a droplet-like
end is shown. EDX spectra are acquired at the marked frames in (a) and are
shown in figures 8.12(b) and (c). EDX spectra in figure 8.12(b) is composed of
three peaks namely As, In and Si. Here the Si signal is coming from the substrate
on which these NWs are grown and it is due to the geometry in which sample
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Figure 8.12: SEM image of a wire terminating with a droplet. The red (lower)
and blue (upper) squares indicate the regions where the EDX spectra shown in (b)
and (c) have been acquired, respectively. The results show that the tip is made of
InAs as well as the wire. (d) SEM image of a wire without a droplet at its end.
Again, the red (upper) and blue (lower) squares indicate the regions where the
EDX spectra shown in (e) and (f) have been acquired, respectively. In this case
the tip and body of the wire are both made of InAs. The wires used for this figure
have been grown without In pre-deposition. The results then show that the NW
body and tip are composed by InAs.
is mounted for the measurement as well as to the use of electron beam at higher
voltage. Similar EDX spectra taken at the tip is shown in figure 8.12(c) and it
shows nearly the same composition as in the NW body figure 8.12(b). No pure In
is found here as was observed in case GaAs NWs. EDX analysis of type 1 NWs
has also been carried out. A representative SEM image of these NWs is shown in
figure 8.12(d) and EDX is carried out at the marked sites. In figure 8.12 (e) and (f)
spectra are shown which again show peaks related to As, In and Si, respectively.
Both types of NWs appear to be composed only by InAs, both at the tip and along
the body.
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Figure 8.13: Histograms showing lenght (a) and diameter (b) distribution of InAs
NWs for samples grown for 15′, 30′ and 60′ at 400 ◦C.
8.3.4 Discussion
Some statistics about the length and diameter spread are shown in figure 8.11. It is
worth noticing that again unlike GaAs NWs where type 1 NWs were slightly wider
and clearly shorter as compared to type 2, here we have NWs which show the same
value distribution of these two parameters for both types of wires. Typically InAs
NWs samples grown for 30′ and 60′ exhibit a distribution over the wider range of
length from 500 nm to 4 µm and their diameter varied between 40 -120 nm. Long
type 1 NWs along with short type 2 were also observed on the edges.
Crystallization of small InAs droplets is reported by [172], where the formation
of InAs Quantum dots is shown with the droplet epitaxy technique. This suggest
that the type 2 NWs were grown through VLS. As generally III-V NWs grown
with VLS show WZ structure, the validity of this hypothesis relies on the TEM
analysis of both types of NWs, which can confirm whether the type 2 NWs are
WZ as they are in the case of GaAs type 2 NWs.
8.4 Conclusion
In conclusion we have demonstrated the possibility of the growth of GaAs and InAs
NWs without any catalyst and without special substrate treatment. Our results
confirm the role of substrate in defining and proceeding to the NWs nucleation.
For GaAs NWs we observed two types of the NWs differing from each other not
only morphologically, with tip or without tip, but also structurally. This is proved
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by SEM, EDX and TEM measurements performed on these NWs which suggests
that NWs with tip follow VLS whereas those without tips originate from a different
growth mechanism. Important is to underline the fact that we observe both types
simultaneously in single growth run. TEM analysis of these NWs shows that NWs
with droplet at the tip have wurtzite crystal structure while tip free NWs are maily
zincblend. On the other hand InAs NWs growth brings up even more interesting
aspect with the growth of two types of NWs which are different morphologically,
with roughly spherical tip and with faceted tip, but both tips are composed of InAs.
This brings the important turn to understand whether this roughly spherical tip
was at some point during the growth metallic In which crystallized reacting with
As at the end of the growth upon closing the In flux and cooling down process and
hence whether these NWs are similar to those without tip.
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Chapter 9
Conclusion
The results presented in this thesis concern the study of the growth of III-V semi-
conductor nanowires by catalyst assisted and catalyst free molecular beam epitaxy.
We can resume the main results in three main sections.
9.1 Au - Catalyzed NWs
We have demonstrated Au catalyzed MBE growth of GaAs and InAs NWs on SiO2,
GaAs (100) and GaAs (111)B substrates and we have studied the dependence of
the NWs yield on the substrate nature and preparation. We developed a substrate
treatment protocol allowing the growth of homogenous and well oriented GaAs
NWs on GaAS (111)B substrates. The study of the changes in NWs shape and
dimension with growth temperature and growth duration put in evidence the NWs
radial growth taking places on the lateral surfaces of the nanowires when a critical
NW length is exceeded. This critical length depends on temperature. We explained
these experimental findings by taking into account the temperature dependent
diffusion length of the cations on the NWs sidewalls from the substrate toward the
NWs tip.
The control of the 2-D radial growth on the NW surface is exploited to grow
core shell InxGa1−xAs/GaAs NWs with superior optical properties. To carry out
ex situ measurements without exposing the NWs to air, we implemented a new
procedure. We capped the NW samples with a thick As layer and showed that
after thermal evaporation of the capping layer the NWs recover their original
shape, with no evidence of oxidation. This technique allowed to perform ex situ
photoelectron spectro-microscopy (SPEM) measurements.
It is demonstrated that conductance changes of the NWs resulting from shrink-
ing size, temperature and surface treatment can be addressed using SPEM as a
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surface charging probe. This opens exciting possibilities by refining the experi-
mental set-up to discriminate the impact of wire diameter, surface status, contact
metals and gate voltage on charge carrier concentration, information that is vital
for employing these nanostructures in devices and sensors.
9.2 Mn - Catalyzed NWs
We have demonstrated for the first time that GaAs nanowires can be obtained
by MBE both on SiO2 and on GaAs using Mn as the growth catalyst EXAFS
data as well as transport measurements indicate the incorporation of Mn in GaAs
NWs, presumably through diffusion, although metallic α - Mn particles have been
observed at the NW free end by TEM, consistent with the VLS growth model. It
remains unclear whether Mn is incorporated only as a dilute impurity in GaAs or
it also forms MnAs clusters. TEM has also shown that high-quality wires have a
wurtzite lattice structure, which is a signature of 1D growth. 2D nanostructures,
nanoleaves, show the presence of both wurtzite and zinc blende lattice structures.
The results presented here may open a way toward exploiting catalysts other then
the usual metals used, such as Au and Ag, and also Cu and Fe. Moreover our
results suggest that it is possible to choose the growth catalyst in a way to modify
the electronic properties of the nanowires of interest.
9.3 Self - Catalyzed NWs
Catalyst free growth of GaAs and InAs NWs on cleaved Si surface without any
special treatment of the substrate is demonstrated. For GaAs NWs we observed
two types of NWs, the first characterized by a Ga particle at the tip, the other
without Ga tip.The two kind of NWs differ from each other not only morpho-
logically but also structurally. SEM, EDX and TEM measurements suggest that
NWs with Ga tip follow VLS model whereas those without tips originate from
a different growth mechanism. On the other hand InAs NWs growth brings up
even more interesting aspect with the growth of two types of NWs which are dif-
ferent morphologically, with roughly spherical tip and with faceted tip, but where
both tips are composed of InAs. It is argued that the roughly spherical tip was a
metallic In droplet which crystallized in the presence of As during cooling to room
temperature. Further investigation is under way to study the crystal structure of
the two type of NWs. Although further work is needed to understand the specific
features of the Si surface promoting the catalyst free nucleation, these results open
the way to a successful integration of III-V nanowires in silicon technology.
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